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1. Introduction 
This work is embedded in the WEIMAR project (No. 02 E 11072B funded by the Federal 
Ministry for Economic Affairs and Energy, BMWi). There one focus is set on the 
identification of surface complexation constants for geochemical subsystems where reliable 
data are missing to promote a better basis for long-term safety assessments of nuclear waste 
disposal sites. Hence, the aim of this work was the investigation of the sorption of actinides 
and lanthanides onto feldspar and mica under conditions relevant for the far field of nuclear 
waste repositories. The characterization of these surface processes was performed by batch 
experiments as well as spectroscopic methods. Furthermore, an influence by microorganisms 
occurring a priori on the minerals as well as of Ca2+ had to be investigated. The obtained 
results were used to derive surface complexation constants for these subsystems. Eventually, 
this work should deliver a better understanding of the interactions at the mineral-water 
interface of feldspar and mica as well as a contribution to a fundamental basis for long-term 
safety assessments for the final disposal of radioactive waste. 
The environment contains actinides and lanthanides in ecological compartments, such as 
water, rocks, soil, and living matter. However, these elements were usually in extremely low 
concentrations. Actinides present in the environment originate from cosmic radiation 
(cosmogenic radionuclides), the formation of the earth (primordial radionuclides with decay 
times comparable to the age of the earth), and artificial production by humans (anthropogenic 
radionuclides). A common use of actinides is in the field of energy production in nuclear 
power plants (Choppin et al. 2002, Ojovan et al. 2014). 
Because nuclear energy production not only requires the use of radioactive material, but also 
generates new ones, it has always been a controversial topic that has led to discussions and 
uncertainty in the population. Radiation has damaging effects of biological significance: the 
ability to stop or retard cell division (that is the reason why it can be used therapeutically to 
stop cancer growth) and induce cancer. High whole-body doses lead to radiation sickness and 
early death, while large organ doses can result in local cell destruction and ultimately organ 
death. Even lower organ doses can cause harmful cell damage. Despite their radiotoxicity, 
heavy metal elements in addition are chemotoxic. Thus, it is necessary to prevent any input of 
radionuclides into the environment. Once released, these contaminants can easily distribute 
over several pathways including water, soil, rock, plants, animals, and ultimately to humans. 
Migration of radionuclides in the environment depends on their respective chemical properties 
in combination with the hydrology present, which together can determine how fast they will 
distribute in the groundwater (Choppin et al. 2002, Ojovan et al. 2014). Another problem is 
related to the generation of nuclear waste from the nuclear fuel cycle (nuclear power plants 
and military purposes), medical applications, research institutes, remediation of nuclear 
accident sites (e.g., Chernobyl 1986 and Fukushima 2011), and during the production of 
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phosphate fertilizer. Not only must the effect of actinide waste, e.g., Pu, U, and Np, on the 
long-term performance of a site be considered, but also the quantity, radiotoxicity, and 
mobility of their daughter products like radium should be taken into account. 
Radioactive waste is defined as material that contains or is contaminated with radionuclides 
over a clearance level with no further use. Due to safety risks, this waste must be stored 
properly and securely for the intent of protecting society and the environment. Namely, 
radionuclides should be immobilized to prevent them from spreading around the biosphere. 
Besides this waste prevention, reuse and recycling can be part of the radioactive waste 
management before it is followed by processing for storage and the actual disposal. For the 
final waste disposal it is planned to build repositories where the radioactive waste can be 
stored. For ethical reasons disposal of radioactive waste should be in the country in which the 
nuclear energy is produced, thus a final repository has to be found in Germany. This search is 
regulated by the German government in (BGBl 2013). A variety of geological formations are 
studied for possible final storage. In Germany, the geological formations with the most 
potential are salt, crystalline rock (e.g., granite), and clay. The Federal Institute of 
Geosciences and Natural Resources (BGR) has prepared a study for each host rock (Bräuer et 
al. 1994, Kockel et al. 1995, Hoth et al. 2007) and summarized it in BGR (2012). 
For the decision of where to place a nuclear waste repository, the main requirements are: 
geological stability (low seismic or volcanic activity); absence of large fractures, holes, etc.; 
impermeability to surface water; negligible groundwater circulation with no flow paths 
connecting to nearby potential intake sources; good heat conductivity; areas of no interest for 
human activity (AkEnd 2002). Detailed investigations of the radionuclide interaction with the 
geo- and biosphere are necessary, especially concerning retardation processes (sorption, 
incorporation in crystal lattice, diffusion, and precipitation) (Grenthe et al. 1992, Choppin et 
al. 2002, Ojovan et al. 2014). These investigations are not only important for final 
repositories, but also in case of accidents or in areas of uranium ore mining, the knowledge of 
the possible distribution is of importance. For example, most mine tailings are dumped onsite 
at mining plants where leached water can potentially be released into local streams causing 
environmental pollution (Choppin et al. 2002). 
The final geologic deposition of high level radioactive waste has been developed as a multi-
barrier system (see Fig. 1.1). This means that the waste form matrix itself is made highly 
robust and insoluble (e.g., in glass, ceramic, or cement) and that it is encapsulated in a 
container that provides absolute containment for a duration comparable to the half-lives of 
some long-lived radionuclides. This is called the engineered barrier. Surrounding this is the 
geo-engineered barrier, or, backfill material, such as bentonite, which is used to stabilize and 
close the repository. The last barrier is the geological one. This is mainly the host rock where 
the nuclear waste repository is installed in combination with the overburden and the aquifer 
system (Choppin et al. 2002, Ojovan et al. 2014). 
 3 
 
 
Fig. 1.1 Multi barrier system and surrounding of a repository based on Ojovan et al. (2014) 
and Choppin et al. (2002). 
The potential release of radionuclides from disposed waste and their subsequent transport to 
the human environment are estimated in safety assessments. For these assessments features, 
events, and processes (FEPs) have to be identified that can be relevant to the long-term safety 
affecting the repository system performance. Features are objects, structures, or conditions, 
events are natural or human-caused phenomena that occur during an interval that is short 
compared to the period of performance, and processes are natural or human caused 
phenomena that occur during all or a significant part of the period of performance. A list of 
FEPs is defined by the OECD/NEA (2003) (Ojovan et al. 2014). For calculations of these 
FEPs, radionuclides with long half-lives (t1/2), high mobility, and high radiotoxicity are of 
particular concern (see Fig. 1.2). 
 
Fig. 1.2 Radiotoxicity evolution in time and its components (OECD/NEA (2006); Figure 1.2). 
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The German safety requirements for high level radioactive waste require an assessment period 
of one million years (BMU 2010). Therefore, the quantitative prediction of reactions between 
hazardous waste dissolved or suspended in groundwater and the surrounding rock material is 
important in order to estimate the quantity of waste that can be transported in the aqueous 
phase or is retarded by sorption on mineral surfaces. Thus, the knowledge of the relative 
stabilities of the compounds and sorption complexes that may form under the relevant 
conditions is essential. Speciation calculations provide this information using chemical 
thermodynamic data. Along the migration paths of hazardous materials, conditions such as 
groundwater, rock composition, or temperature can vary. Thus, a mechanistic understanding 
and respective thermodynamic data are necessary for a dynamic modeling of the chemical 
behavior of hazardous waste components (Grenthe et al. 1992). For some conditions, such 
thermodynamic data is still missing.  
Within the WEIMAR project, three types of elements are considered: (1) radionuclides, (2) 
competing cations, and (3) complexing ligands. Selection of the radionuclides is based on the 
relevance for long-term safety assessments, their sorption behavior, and the availability of 
thermodynamic data. The other two groups of elements are chosen due to their influence on 
radionuclide sorption and to their relevance in natural systems. The selected elements of 
interest are: Al, Ca, Ni, Se, Cs, Re, Ra, Th, U, Np, Pu, Am, and Cm, also including the 
inorganic ligands CO3
2– and SiO3
2–. Some of these elements can occur in different oxidation 
states due to changing redox conditions. In the near field of a repository, more reducing 
conditions are dominant, whereas in the far field more oxidizing conditions are relevant, i.e., 
changing the state and behavior of redox sensitive elements like uranium. Due to the high 
radiotoxicity of An(III) combined with their difficulty of being handled in the lab, the use of 
lanthanides Ln(III) as analogues with similar chemical behavior is useful. Furthermore 
lanthanides surround us in all parts of our life because they are relevant as technological metal 
for nearly every technology, e.g. in cell phones, computers and a lot more technical issues 
(Cotton 2006). A rising demand and thus high prices lead to more interest into recycling of 
lanthanides (Binnemans et al. 2013). Thus, knowledge of the sorption behavior of lanthanides 
can also be useful to develop extraction methods based on sorption or changes in the pH 
values. 
In the WEIMAR project, the Gorleben site is used as reference area, because it has been 
investigated since 1979 for its suitability as host rock for a nuclear waste repository by the 
BGR and other research organizations. Detailed information of the geology and hydrogeology 
of the Gorleben salt dome and its overburden is available (Klinge et al. 2007, Köthe et al. 
2007). Above the salt dome the Gorleben site has a sedimentary overburden consisting of a 
freshwater upper aquifer, a highly saline lower aquifer, and an interlayer aquitard of mainly 
tertiary and quaternary sands and clays. Therefore, the minerals of main importance in this 
area are: quartz, feldspars, muscovite, gibbsite, goethite, calcite, kaolinite, and illite (see Fig. 
1.3). The distribution related to the surface site area indicates that the relevance decreases and 
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in the upper aquifer feldspar, mica as well as Al- and Fe-hydroxides become more relevant. 
The aquitard is dominated by 3-layer clay minerals, like illite, which will show the largest 
contribution to the retardation of metal cations. 
 
 
upper Aquifer (wt.%)
 Quartz 
 Feldspars
 Mica
 Fe(III)-oxide/-hydroxide
 Aluminiumhydroxide
 2-layer clay minerals
 Carbonate
 3-layer clay minerals
 
 
upper Aquifer 
weighted to SSA
Aquitard 
weighted to SSA
Aquitard (wt.%)
 
 
 
 
 
Fig. 1.3 Relative mineral distribution in the upper aquifer and the aquitard at the Gorleben site. 
Left site shows distribution by mass and the right one gives the distribution weighted 
to the specific surface area. 
For some of these minerals the available thermodynamic sorption data of actinides and 
lanthanides are very rare (i.e., feldspar and mica) (see Table 1.1). Due to the lack of data, 
orthoclase and muscovite were selected as representative of feldspars and micas. Sorption 
experiments were performed with uranium(VI), neptunium(V), and neodymium(III), the latter 
as analogue to trivalent actinides such as Cm. Feldspars and micas are part of the main rock 
forming minerals that may retard radionuclides in the far field of nuclear repositories as well 
as in the surrounding of mining areas (Noseck et al. 2012). Thus, the results are not only 
important for the reference site Gorleben.  
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Table 1.1 Compilation of thermodynamic sorption data sets from the RES3T database (Brendler 
et al. (2003), available at http://www.hzdr.de/res3t, last access 10/2015). 
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2. Theoretical background 
In order to reach a better understanding of the systems investigated in this work, this section 
presents the theoretical background of the respective actinide and lanthanide chemistry, 
geochemistry, and mineralogy of orthoclase and muscovite and their characterizations. 
Further, the sorption processes in general as well as on feldspar and mica were described in 
detail. Finally, the models and codes used to compute speciation patterns and derive surface 
complexation parameters from the experimental results as well as the spectroscopic methods 
were explained. 
2.1 Actinides (uranium, neptunium) and lanthanides (neodymium)  
Actinides (naturally only uranium and thorium isotopes occur) and lanthanides exist in the 
earth crust widely distributed. They are utilized for energy production, medicine, science, and 
technical items. If they reach the environment during any of the processing steps or after the 
end-of-lifetime, their behavior and possible distribution in environmental compartments is 
important to know. Therefore, in the following sections the occurrence, chemical properties, 
and the speciation of actinides and lanthanides, especially uranium, neptunium, and 
neodymium, are considered in detail. 
2.1.1 Occurrence and application of uranium, neptunium, and neodymium 
Uranium is present mostly in hydrothermal ore deposits. The oldest area of mining is located 
in Schneeberg in the western Erzgebirge (Okrusch et al. 2005). Uranium occurs in a large 
number of minerals. The most prominent ones are uraninite (50-90 wt% U) and carnotite 
(54 wt% U). In the earth’s crust, uranium has an abundance of 3 – 4 ppm, which is 
comparable to arsenic or boron. Such uranium concentrations can be found in granitic rock 
formed by slow cooling of magma, as well as in younger rocks at higher concentrations. 
Besides these primary ore deposits, uranium mining has led to the formation of secondary 
uranium deposits e.g., waste dumps. Natural uranium is composed of the isotopes: 234U, 235U, 
and 238U, which are all part of natural decay series. Their half-lives are 2.45×105 a, 
7.04×108 a, and 4.47×109 a, respectively (Choppin et al. 2002). 
Uranium was first used industrially for the coloration of glass and ceramics. After the 
discovery of nuclear fission of the isotope 235U by Otto Hahn and co-workers in 1938, 
uranium was used for nuclear weapons and nuclear energy production. In the Erzgebirge 
Mountains in Germany, uranium mining and milling was performed by the SDAG Wismut 
company for more than 40 years. The remaining mine piles and tailing ponds are a huge 
environmental problem that must be dealt with. Besides this legacy, other problems exist, e.g., 
the large amount of depleted uranium accumulating as byproduct of the production of 
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enriched uranium for the nuclear fuel cycle, waste storage, and accidents (see section 1) 
(Choppin et al. 2002, Okrusch et al. 2005). 
Neptunium exists primarily as the isotope 237Np with a half-life of 2.14×106 a, synthesized 
and first identified in 1940 by McMillan and Abelson. This half-life is short compared to the 
earth’s age, so no 237Np originating from the natural decay chain exists on earth anymore. 
Only in extremely small amounts does neptunium occur in nature from the neutron capture on 
uranium as in the remainders of the Oklo natural reactor in Gabon, West Africa (Brookins 
1978). This process can be described by the following reaction: 
𝑈92
238 + 𝑛 → 𝑈
𝛽−
→ 𝑁𝑝93
239
92
239
0
1  
Eq. 1 
 
Neptunium isotopes are also byproducts in nuclear reactors originating from 238U and 235U. 
Each ton of reactor fuel contains about 0.5 kg 237Np that can be made available by separation 
processes (Choppin et al. 2002, Ojovan et al. 2014). 
Neptunium is important as a precursor in plutonium production, where 238Pu is produced by 
irradiation of 237Np with neutrons. 238Pu is an alpha emitter necessary for radioisotope thermal 
generators for spacecraft and military applications. Furthermore 237Np is used in Mössbauer 
spectroscopy to detect high-energy neutrons (Lange et al. 2008). 
Neodymium is one of the rare earth elements (REE) comprising the lanthanides series as well 
as lanthanum, scandium, and yttrium. The occurrence of the lanthanides varies over two 
orders of magnitude, where even the rarest REE, thulium, is more abundant in the earth crust 
than gold or platinum. Although, in general they are seldom enriched in minerals (Markl 
2008). Lighter lanthanides are more abundant than heavier ones, and elements with even 
atomic number are more abundant than those with odd atomic number. Mineral sources of 
lanthanides are mainly bastnaesite LnFCO3, monazite (Ln,Th)PO4, and xenotime (Y,Ln)PO4. 
Because of the similar chemical properties of the lanthanides (usual charge of +3, strongly 
electropositive, and little tendency to hydrolyze), these minerals are often composed of 
several different lanthanides. Neodymium occurs in the crust with an amount of 40 ppm 
(Cotton 2006) and Topp (1965) estimates the abundance of Nd in igneous rocks at 24 ppm. 
The chemically homogeneous group of lanthanides is quite relevant for a variety of different 
applications and fields. They are used in color televisions and displays as lanthanide 
phosphors, in tricolor lamps, and in lasers. Nd3+ is usually used in yttrium aluminum garnet 
(Nd-YAG) lasers (Topp 1965, Cotton 2006). Furthermore, neodymium has broad applications 
in neodymium-iron-boron magnets used in electric motors, hard disks, and wind turbines 
(Dupont et al. 2015). 
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2.1.2 Chemical properties of uranium, neptunium, and neodymium 
Actinides, like uranium and neptunium, are also known as 5f elements because of their 
characteristic 5f electronic orbitals, whereas for similar reasons lanthanides are labelled as 4f 
elements. 
In spite of the chemical similarity amongst the lanthanides, they behave differently due to 
differences in mass and ionic radii. Lanthanides primarily exist in the oxidation state of +3 
where the 5d shell is empty and only 4f electrons represent the outer shell. Properties of 
lanthanides were affected by the f Orbitals. The xenon core is penetrated by the 4f orbitals of 
the lanthanides. This prevents overlap with ligand orbitals leading to less bonding character. 
Because ligands have little chemical influence, the crystal-field effects are very small, and so 
the electronic spectra and magnetic properties of the lanthanides are unaffected by the 
environment (Cotton 2006). For most actinides (Ac, Am, Cm, Bk, Cf, Es, Fm, Md and Lr) +3 
is also the most common oxidation state but more often other oxidation states can occur. In 
general actinide ions of the same oxidation state exhibit identical molecular structures that are 
explained in detail in section 2.1.3 (Cotton 2006). The 5f electrons do not shield each other 
from the nucleus effectively leading to a rapid drop of the energies of the 5f orbitals with 
increasing atomic number. Thus, the electronic structure of the later actinides becomes more 
like those of the lanthanides, and so they also have similar chemistry. This similarity provides 
a framework for the design of chemical methods to isolate and identify namely heavier 
actinides where the trivalent oxidation state prevails (Silva et al. 1995). 
A compilation of some properties (e.g., important isotopes, atomic configuration and ionic 
radius) of the elements uranium, neptunium, and neodymium is given in Table 2.1. 
Table 2.1 Chemical properties of uranium, neptunium, and neodymium selected from Choppin 
et al. (2002), Cotton (2006), and Shannon (1976). 
 uranium neptunium neodymium 
Most common 
isotopes* 
233U, 234U, 235U, 
236U, 238U 
236Np, 237Np 
142Nd, 143Nd, 144Nd, 
145Nd, 146Nd, 148Nd, 
150Nd 
Atomic configuration [Rn] 7s2 5f3 6d1  [Rn] 7s2 5f4 6d1  [Xe] 6s2 4f4  
Oxidation states +3, +4, +5, +6 +3, +4, +5, +6, +7 +2, +3, +4 
Ionic radius 
(coordination 6) 
U(VI) 0.73 Å Np(V) 0.75 Å Nd(III) 0.983 Å 
* isotopes with half-lifes > 105 a and stable isotopes 
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Oxidation states, ionic radius, and coordination 
Uranium can exhibit oxidation states of +3 to +6, of which U(VI) is stable under oxic 
conditions and U(IV) under reducing conditions. It most commonly exhibits coordination 
numbers of 6, 7, and 8, but values of 2, 4, 9, and 12 also can occur (Choppin et al. 2002, 
Cotton 2006). Uranyl shows a U-O length of 1.77 Å (Tsushima et al. 2000). 
Neptunium has its most stable oxidation state of +5 (as NpO2
+). Np has one more outer-shell 
electron than uranium and thus, it is also capable of forming the +7 oxidation state. Under 
acidic conditions, actinides in lower oxidation states (i.e. +4) are stabilized, whereas higher 
oxidation states are stable under basic conditions. By complexation, a reversal of the relative 
stability of different oxidation states can be caused. U(IV) and Np(IV) do not react with water, 
but in oxic systems they are oxidized by O2. UO2
2+ is the most stable uranium species in 
aqueous solutions (Choppin et al. 2002, Cotton 2006, Ojovan et al. 2014). In comparison to 
uranium, neptunium preferentially exhibits coordination numbers of 6 and 8. The Np-O length 
of neptunyl is with 1.82 Å in the same range as the one for uranyl (Tsushima et al. 2000). 
Neodymium often serves as chemical analogue for An(III), such as Am3+. It occurs mainly in 
the oxidation state of +3, but also exhibits the +2, +4, and +5 oxidation states (Topp 1965). 
Mostly, neodymium exhibits coordination numbers of 6, 8, 9, or 12, and its ionic radius is 
0.983 Å, which is comparable to the ones of Am(III), Cm(III), and Pu(III), i.e., 0.975 Å, 
0.97 Å, and 1.00 Å (Shannon 1976). Thus, the ionic radii of the lanthanides as well as the 
An(III) have a greater distinction compared to U(VI) and Np(V) as ion but due to the 
formation of uranyl and neptunyl ions they show a greater extend. 
Radio- and chemical toxicity 
Uranium isotopes decay by emitting α radiation. Due to the specific radioactivity, natural 
uranium is a weak radiological hazard. Although chemically, it is toxic, destroying the 
function of the organs like liver and heart, thus a threshold limit of 0.20 mg m–³ air for 
inhaling uranium dust exists (Choppin et al. 2002).  
Neptunium is both an α and β– emitter. 236Np decays predominantly by β– and electron 
capturing (EC), whereas 237Np is an α-emitter causing the principal radiological hazards of 
neptunium. Thus, the main risk occurs from inhalation or ingestion via aerosols or through the 
food chain, both which can result in a concentration of 237Np in bones (Choppin et al. 2002).  
Neodymium has two isotopes (from the most abundant ones) that are radioactive, though only 
to an extremely low level, 144Nd and 150Nd. 144Nd decays by emitting α radiation (t1/2 = 
2.29×1015 a) and 150Nd decays by β decay (t1/2 = 7×1018 a). Neodymium and the other 
lanthanides show a low to moderate chemical toxicity. Neodymium dust is very irritating to 
the eyes, and inhalation can cause lung embolisms and damage to the liver (Emsley 2001). 
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2.1.3 Speciation and complex formation 
Soluble ions and molecules can form various dissolved complexes resulting in changes in 
their binding form, or speciation. Understanding the speciation of radionuclides and other 
trace elements gives information about their retention, transport, and bioavailability as well as 
toxicity. Thus, it is important in the framework of environment and waste management. 
Besides the speciation in aquatic solutions, distributions between a solid and liquid phase can 
also be described by different species and corresponding thermodynamic reaction constants 
e.g., for ion exchange or surface complexation. The distribution between both phases can be 
described by a conditional distribution coefficient (Kd). A closer look to these processes is 
given in section 2.3 and 2.4. Due to analytical challenges in determining concentrations, 
speciation diagrams were often calculated with thermodynamic data. Hence, to calculate the 
speciation a thermodynamic database (TDB) with stability constants as well as solubility 
constants, ion exchange constants, or surface complexation constants is required. 
Compilations of known and validated data were performed by the OECD/NEA TDB project, 
the NAGRA/PSI TDB, and the IUPAC Commission. Their activities covered several 
elements, but a respective quality-assured compilation for lanthanides is still missing. For 
uranium and neptunium a lot of thermodynamic data are available, but still for some of their 
species data is missing. A closer look to neodymium shows an even worse situation where 
nearly no thermodynamic data are available. Thus, more work on their determination is 
necessary (Moulin et al. 2001, Scheffer et al. 2010, Maher et al. 2013). 
In the case of natural systems, the speciation of trace elements in water and their interaction 
with mineral surfaces is of most concern. Consequently, either inorganic (e.g., carbonate, 
hydroxide, silicate, etc.) or organic (e.g., humic substances) ligands influence the speciation 
and formed complexes. In addition, the composition of water influences the speciation, e.g., 
through acting as competing cations like Ca, Mg that could affect the behavior of trace 
elements towards humic ligands. Besides all of the parameters mentioned above, the oxidation 
state can affect the mobility of redox-sensitive trace elements like the actinides U and Np. 
Under subsurface conditions, uranium and neptunium are multivalent and can exist as An3+, 
An4+, AnO2
+, or AnO2
2+ species where uranium is predominatly U4+ and UO2
2+ and neptunium 
is Np3+, Np4+, and NpO2
+. When higher-valent species are reduced to An3+ and An4+ this 
results in a lower solubility and an increased tendency to sorb onto minerals surfaces (Maher 
et al. 2013), but also to form colloids. The presence of microbes can lead to reduction of 
actinides, and thus influence their oxidation state (Scheffer et al. 2010). 
The aquatic speciation of uranium, neptunium, and neodymium have been calculated with 
PhreeqC version 3.1.7-9213 (Parkhurst et al. 2013) and the project-specific database 
(WEIMAR_EDH.dat) for An/Ln concentrations of 10–5 M in 0.01 NaClO4 under ambient 
atmosphere are shown in Fig. 2.1, Fig. 2.2, and Fig. 2.3, respectively. Furthermore, the 
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saturation indices of relevant phases were calculated under the same conditions as described 
before, but are only shown for Nd in Fig. 2.4. 
The speciation of elements can be studied by a variety of techniques including calorimetric or 
potentiometric titrations and different spectroscopic methods. For example, the presence of a 
uranyl group can be detected by infrared spectroscopy measurements through the presence of 
a strong band in the region 920-980 cm–1 resulting from the asymmetric O-U-O stretching 
vibration. A corresponding band around 860 cm–1 can be found in the Raman spectrum caused 
by the symmetric O-U-O stretching vibration. Another spectroscopic tool is Extended X-ray 
absorption fine structure (EXAFS) that can give detailed information of the structure of Np, 
U, or Nd complexes. In addition, Laser-induced photoacoustic spectroscopy (LIPAS) and 
Time-resolved laser-induced fluorescence spectroscopy (TRLFS) have been applied to study 
the interaction and speciation of actinides/lanthanides in inorganic and organic matrices as 
well as on mineral surfaces. Furthermore, Laser Ablation – Optical Emission Spectroscopy 
(LA-OES or LIBS) can be used for direct studies on solids and liquids (Moulin et al. 2001, 
Cotton 2006, Maher et al. 2013). 
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Fig. 2.1 Aquatic speciation of 10–5 M uranium(VI) in 0.01 M NaClO4 under ambient 
atmosphere and at room temperature. 
Under acidic conditions cationic uranium complexes dominate the speciation. With increasing 
pH, hydrolysis occurs and hydroxide species become more relevant. In the presence of 
ligands, different complexes can form, thus a variety of different metal complexes is possible. 
Namely the speciation of uranium(VI) is very complex at pH values lower than 9 where both 
the uranyl species and different uranium-hydroxides exist. Due to the presence of carbonate as 
ligand in the investigated systems the metal-carbonate complexes dominate the speciation at 
high pH values (Scheffer et al. 2010, Maher et al. 2013). At neutral pH values, mixed 
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hydroxide-carbonate complexes occur, which at basic pH values change to uranium-carbonate 
complexes.  
In comparison, neptunium(V) speciation is much less complex and is dominated by the 
neptunyl(V) ion until pH 7. At higher pH values, neptunium-carbonate complexes are 
dominant and only one hydroxide complex that occurs with a low abundance. Due to the 
stability of pentavalent neptunium under oxic conditions, neptunium is generally the most 
soluble and mobile actinide, and thus of great concern at waste storage sites (Maher et al. 
2013). Speciation of neodymium under acidic conditions is dominated by the Nd3+ ion. With 
increasing pH, several hydroxides and oxides become relevant followed by a carbonate 
complex at high pH values. In general, lanthanides are forming insoluble hydroxides and 
carbonates that precipitate at neutral pH unless complexing agents are present as can be seen 
in Fig. 2.4. For uranium(VI) and neptunium(V), the calculated saturation indices of relevant 
phases do not indicate that precipitation is occurring under these conditions (SI always < 0). 
The situation is different for neodymium(III), where theoretically NdOHCO3 may precipitate 
at pH values above 6.4, and Nd2(CO3)3 at pH values above 6.7, so respective checks are 
mandatory for experiments at such conditions. The occurrence of a crystalline Nd(OH)3 phase 
certainly can be neglected, however. 
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Fig. 2.2 Aquatic speciation of 10–5 M neptunium(V) in 0.01 M NaClO4 under ambient 
atmosphere and at room temperature. 
 14 
 
3 4 5 6 7 8 9 10
0
20
40
60
80
100
N
d
(I
II
) 
s
p
e
c
ie
s
 (
%
)
pH
 Nd
3+
 NdCO
3
+
 NdOH
2+
 Nd(OH)
2
+
 Nd(OH)
3
 Nd(OH)
4
-
 
Fig. 2.3 Aquatic speciation of 10–5 M neodymium(III) in 0.01 M NaClO4 under ambient 
atmosphere and at room temperature. 
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Fig. 2.4  Saturation indices of Nd(III) phases calculated with PhreeqC (10–5 M Nd(III), 0.01 M 
NaClO4, ambient atmosphere, at room temperature). SI values > 0 indicate the 
formation of a precipitate. 
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2.2 Geochemistry and mineralogy of orthoclase und muscovite 
Besides quartz, feldspar and mica are the main rock forming minerals. The lithosphere is 
dominated by combinations of O and Si, thus silicates are prevailing (Bahlburg et al. 2008, 
Scheffer et al. 2010). Regardless, the sorption data for these mineral groups is generally 
lacking (see section 1), hampering a reliable modeling of contaminant retardation in such 
environments. To improve this situation, orthoclase and muscovite were chosen as minerals of 
interest for this work. 
Silicates are formed of SiO4-tetrahedron. Each SiO4-tetrahedron is negatively charged and 
bound to other SiO4-tetrahedron via oxygen bonds. Different cross-linking between the 
tetrahedrons generates silicates with different structures. These are: tectosilicates, 
phyllosilicates, chain silicates, cyclosilicates, sorosilicates, and nesosilicates. The chemical 
variety of silicates exists because of different cations (mainly Na+, Mg2+, Al3+, K+, Ca2+, Fe2+, 
and Fe3+) that can be found in the interlayer of the silicates. Differences in structure and 
chemical composition of the silicates lead to variations in there alteration. In some cases, the 
Si4+ of the SiO4-tetrahedron can be exchanged by Al
3+ leading to charge differences that are 
compensated by additional cations like Na+, K+, or Ca2+ (isomorphic substitution) (Okrusch et 
al. 2005, Bahlburg et al. 2008, Markl 2008, Scheffer et al. 2010). 
Information on the structures of orthoclase and muscovite and their interactions with ions can 
be obtained by several microscopic and spectroscopic techniques. Applications of these 
techniques for these minerals that have been reported, for example are x-ray reflection 
interface microscopy employed by Fenter et al. (2011) to image molecular-scale topography at 
the aqueous-solid interface of orthoclase and X-ray absorption spectroscopy (XAS) (Moyes et 
al. 2000) used to study the local environment of uranium removed from aqueous solution by 
the surface of muscovite. As special XAS method EXAFS was used by Denecke et al. (2003) 
to investigate the sorption of Hf(IV) onto mica and U(VI) onto α-Al2O3. The first 
investigation showed the formation of a mononuclear surface species, while the latter 
concerning the sorption of U(VI) indicated a preferred orientation of the uranyl cations on the 
(110) surface. X-ray reflectivity (XR), interface-specific crystal truncation rod (CTR) 
measurements, resonant anomalous X-ray reflectivity (RAXR), and atomic force microscopy 
(AFM) were applied for studying orthoclase and muscovite with adsorbed cations like Sr2+ 
and Rb+. These provided information on the electron density at the surface and the vertical 
density distribution of the adsorbed cation on the mineral surface, and they were also used to 
determine the structure of the orthoclase (001) cleavate surface by Fenter et al. (2008), Lee et 
al. (2013), and Fenter et al. (2000). In addition, Time-resolved laser-induced fluorescence 
spectroscopy (TRLFS) (Arnold et al. 2006) as well as Infrared spectroscopy (IR) (Müller 
2010) were performed to investigate the uranium(VI) surface species onto muscovite. 
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2.2.1 Feldspars 
All the following information are taken from Scheffer et al. (2010), Bahlburg et al. (2008), 
Markl (2008), and Okrusch et al. (2005). 
With a total content of nearly 60%, feldspars are the most frequent minerals of the continental 
crust (Bahlburg et al. 2008). Feldspars are bright or weak colored Na-K-Ca-Al-silicates with a 
good cleavability and hardness of 6 (after Mohs). Feldspars have a density of 2.6 – 2.7 g cm–³. 
Detailed information on the formation and different types of feldspars are given in Markl 
(2008). Feldspars are representatives of mixtures of solid solutions. The feldspars of main 
importance are orthoclase (also known as K-feldspar) (KAlSi3O8), albite (NaAlSi3O8), and 
anorthite (CaAl2Si2O8). These pure types of feldspars are rare in rocks. Orthoclase often 
contains Na, thus the variety of feldspars between orthoclase and albite are referred to as 
alkali feldspars. Ca-Na-feldspars between albite and anorthite are called plagioclase (see Fig. 
2.6). Feldspars are structurally complex minerals with a myriad of different lattice structures 
that are stable at different temperatures (structural polymorphs). In these tectosilicates, the 
gaps in the Si-tetrahedron lattice are filled with alkali or alkali earth metal (Fig. 2.5). When ¼ 
of the tetrahedron centers are filled with Al3+ it is referred to as alkali feldspar, whereas when 
½ of the tetrahedron centers filled with Al3+ it is called anorthite. In the structure of these 
minerals, the SiO4-tetrahedrons are twisted altering the orientation of every other tetrahedron. 
When Si is substituted by Al the formal negative charge is balanced by cations. 
 
Fig. 2.5 Structure of orthoclase constructed with CrystalMaker® for Windows 2013;      
red: K+-Ions; orange: Si-tetrahedrons. 
With an increase of temperature, the disorder of the tetrahedron sites where Al and Si are 
distributed increases. This results in the formation of triclinic low temperature alkali feldspars 
and monoclinic high temperature alkali feldspars.  
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Fig. 2.6 Phase diagram of feldspars (Nelson 2014). 
An extensive literature study on the weathering and dissolution of orthoclase has been 
performed. Here, only information for conditions relevant for this work (orthoclase, pH 4 to 
9) is given. 
Silicate minerals differ in their behavior to hydrolytic weathering – dissolution in contact with 
natural waters. This is due to the different types of linking between the SiO4-tetrahedrons and 
the frequency of Na+, Mg2+, Ca2+, Fe2+, or Fe3+ in the crystal lattice. Thus, quartz is much 
more stable than calcite or feldspar. Na+ and K+ contained in feldspars are easily solubilized 
whereas Si and Al leaching is relatively slower (Okrusch et al. 2005, Markl 2008). 
Feldspars have a structure that allows the weathering solution to easily penetrate the mineral. 
First, H+ reaching the surface of the feldspar exchanges cations, especially of the external 
lattice sites. Thus, the pH rises and cations formation such as Na+, Mg2+, K+, and Ca2+ 
increases. The exchange of cations with protons leads to a higher negative charge surrounding 
the oxygen-atoms creating electronegative repulsion between atoms. Thus, more cations can 
be reached and exchanged. With further weathering, the Si-O-Al silicate lattice degradation 
occurs when H+ starts to interact with the O2– forming and OH– that reactions with silica and 
aluminum making Si(OH)4 and Al(OH)3. This reactions start at the surface of the mineral and 
continue until the whole mineral is converted (Bahlburg et al. 2008). 
Stumpf et al. (2006) describe that the dissolution of feldspars in closed systems (batch 
experiments) and the resulting change of solution composition with time alters the 
morphology of the surface. This is in contrast to flow-through experiments where solution is 
continuously added and removed from the reactor. The latter allows the system to remain 
undersaturated with regard to the feldspar components and offers the possibility to study 
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alteration under controlled conditions (Stumpf et al. 2006). It is known that the feldspar 
dissolution rate is high at the beginning of the process and decreases with time until a nearly 
constant value is reached (Blum et al. 1995). 
Different authors suggest that the mechanisms of feldspar-water interfacial reactions may be 
distinctly different under acidic and alkaline conditions, based on the thickness of leached 
surface layers and the pH dependence of dissolution kinetics. Dissolution is nonstoichiometric 
at acidic pH over a broad range of temperatures and nearly stoichiometric at alkaline pH near 
room temperature. Nonstoichiometric dissolution has also been observed at alkaline pH at 
elevated temperatures (Teng et al. 2001, Fu et al. 2009). 
2.2.2 Mica 
Micas are flaky K-Mg-Fe-Al-silicates with very good cleavability due to a layer structure as 
phyllosilicates. The most abundant micas are the brightly colored muscovite and the dark 
biotite. Muscovite is mainly formed metamorphic e.g. in phyllite, mica schist and gneiss (but 
can also form magmatic or sedimentary), whereas biotite forms mainly magmatic. The dark 
color of biotite is depending on the Fe-content: the higher the amount of Fe, then the darker it 
appears. In the flaky structure of the micas, SiO4-tetrahedrons are corner-sharing and 
connected by O2– in a plane. The fourth oxygen ion links the tetrahedron layer to the AlO6 
octahedron layer, where Mg2+, Al3+, or Fe2+ are six-fold coordinated. Onto this octahedron 
layer, another tetrahedron layer rotated 180° follows, giving T-O-T layers. Two of the six 
octahedral coordinated oxygen ions are bound to the tetrahedron layers and two form 
hydroxyl ions (OH–) with H+. The remaining two oxygen ions link the octahedron to each 
other, so the micas are also called 2:1- or three-layer minerals (see Fig. 2.7) (Okrusch et al. 
2005, Scheffer et al. 2010).  
The dioctahedral muscovite contains Al3+ in two of three octahedron centers and the third one 
is vacant (dioctahedral classification), whereas in trioctahedral biotite all the centers are filled 
with different ratios of Fe2+ and Mg2+. This results in formulas for muscovite of 
KAl2(Si3Al)O10(OH)2 and biotite of K(Mg,Fe
2+)3(Si3Al)O10(OH)2. The silicate layers of the 
micas are linked by K+ that are located in central gaps of the 6-O-rings of the outer oxygen 
layer of the tetrahedrons. This K+ has a coordination of 12 to the O2– of the tetrahedron layers 
on both sides. The silicate layers together with the K+ have a thickness of 1 nm (fundamental 
layer). The presence or absence of interlayer cations is generated by the layer charge 
originating from the exchange of Si4+ with Al3+. This layer charge can vary over a wide range 
(Rosso et al. 2001, Scheffer et al. 2010). Due to the layered structure (strong bindings 
between Si and O in the tetrahedrons and the close binding to the octahedron layer) mica 
sheets can be easily cleaved along the basal plane potassium layer (Okrusch et al. 2005). 
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Fig. 2.7 Structure of muscovite constructed with CrystalMaker® for Windows 2013;      
red: K+-Ions; blue: AlO6 octahedrons; orange: Si-tetrahedrons.  
K+ ions are known to exchange when the mineral is dissolved in water. In most studies, the 
amount of exchanged metal ions was determined from differences in concentration of the 
aqueous solution before and after dissolution. Due to the small amount of the surface area of 
bulk mica sheets, changes are difficult to measure. Ground sheets were used to overcome this 
problem. This leads to another difficulty because the surface area cannot be clearly described. 
Mica in general has a hardness of 2...3 and a density of 2.7 – 3.2 g cm–³ (Markl 2008). 
Muscovite has a layer charge of 1 and a hardness of 2…2.5 (Scheffer et al. 2010). 
Weathering/dissolution of muscovite (mica) 
Most studies on the dissolution of muscovite have been performed at elevated pressure and/or 
temperature (Crowley et al. 1964, Knauss et al. 1989, Walther et al. 1993, Oelkers et al. 
2008). Oelkers et al. (2008) measured steady-state muscovite dissolution rates at temperatures 
from 60 to 201°C and 1 ≤ pH ≤ 10.3 as a function of reactive solution K, Si, and Al 
concentration. They found that muscovite dissolution rates appear to depend on chemical 
affinity at far-from-equilibrium conditions and will never attain a steady-state in closed-
system reactors except at equilibrium. The variation of rates with reactive solution 
composition depends on the solution pH. At pH < 7 rates were found to decrease significantly 
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with increasing reactive fluid Al activity, but are independent of aqueous SiO2 activity. At 
acidic pH, rates appear to be controlled by the breaking of tetrahedral Si-O bonds after 
adjoining tetrahedral Al have been removed by proton exchange reaction. At basic pH, rates 
may be controlled by breaking of octahedral Al-O bonds after adjoining tetrahedral Al and Si 
have been removed from the muscovite structure (forming an Al-octahedral-rich precursor 
complex). Any aqueous anion which tends to complex Si or Al in solution (such as organic 
acids at mildly acidic conditions) will increase muscovite dissolution rates, as is the case for 
all alumosilicates. Because of the strong effect of aqueous Si on its dissolution rates, 
muscovite will dissolve slower in sedimentary basins than many other alumosilicate minerals, 
such as the alkali-feldspars, whose dissolution rates are independent of aqueous Si. This 
observation may account for muscovite’s persistence in sandstones (Oelkers et al. 2008). 
Mattigod et al. (1979) derived the stoichiometry of the muscovite phase from solution 
equilibria and calculated the standard free energy of formation of this phase to 
be -5501.1 kJ mol–1. They found that during the first month the Si(OH)4 activities in solution 
increased rapidly in all samples. Generally, acidic solutions in contact with mineral mixtures 
had higher Si(OH)4 activities than alkaline solutions. The muscovite in equilibrium with the 
solution was deficient in aluminum and potassium and enriched in silica in comparison with 
the original composition of muscovite. These results suggest that the chemical composition of 
the muscovite phase may be an important uncertainty in previous muscovite stability work. 
Both, orthoclase and muscovite have a fixed lattice charge originating from the substitution of 
Al3+ for Si4+. K+ compensates this lattice charge in both structures. When the minerals were 
equilibrated in deionized water K+ is released from their surface. Between the muscovite 
(001) and orthoclase (001) surface some distinct differences exist. The cleaved orthoclase 
surface is structurally more open than the one of muscovite. Non-bridging oxygen has two 
sites per surface unit at the orthoclase surface, but none on muscovite. Near pH 5 the non-
bridging oxygen sites are expected to be protonated and with elevated pH a deprotonation 
occurs inducing a more negative surface charge with increasing pH (Fenter et al. 2008). In 
contrast to orthoclase, the dissolution of muscovite depends on the effect of ion exchange of 
this phyllosilicate, being the reason why this process is described in more detail. 
Ion exchange of muscovite 
Various studies to the ion exchange of muscovite have been performed (Gaines 1957, Osman 
et al. 1998, 1999, 2000, Rosso et al. 2001, Terashima 2002, Tang et al. 2014). It was found 
that in contrast to clay minerals muscovite does not expand and its interlayer cations are not 
exchangeable under ambient conditions, although, exchange does proceed readily with 
naturally occurring potassium ions on exposed cleavage surfaces. There is no attack on the 
crystal lattice in dilute neutral aqueous solutions at room temperature. 
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The exchangeable cations differ depending on the origin of the minerals. In most cases, they 
are alkali and alkali earth metals. Osman et al. (1999) found the affinity of alkali metals to 
muscovite decreasing in the order: K+, Rb+, Cs+>Na+>Li+. The exchange is in agreement with 
values calculated from the crystal lattice parameters. With the assumption that the cleavage of 
mica sheets leaves half of the interlayer K+ ions on each new surface exposed, Gaines (1957) 
found a theoretical capacity of 3.48 µeq of exchangeable ions per m² of the exposed mica 
cleavage surface. Osman et al. (1998) gave an area per charge on muscovite of 0.47 nm–². 
Rosso et al. (2001) studied the Cs/K exchange in muscovite interlayers. This exchange can be 
described in several steps, but it is comparable to the process with other ions: (1) the opening 
of the interlayer spacing, (2) the hydration and release of interlayer K, (3) sorption and 
dehydration of Cs, and (4) closing of interlayer spacing. Terashima (2002) studied the ion-
exchange capacity of muscovite with the use of an ultramicrobalance. He found that the 
dissolution from the basal plane is completed after 30 min. The values of the dissolved mass 
are comparable to 10 monolayers of potassium ions in the basal plane. Therefore, it was 
suggested that internal metals ions and external ions contribute to the ion exchange of the 
muscovite surface. 
In summary, it can be said that ion exchange of muscovite is dominated by the exchange of 
surface cations, but to a minor amount of internal metal ions also contribute to the ion 
exchange.  
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2.3 General description of sorption processes 
Adsorption and desorption of substances are important processes occurring at the interface 
between minerals/rocks/soils and liquid or gas phases. These processes describe the 
attachment or delamination of dissolved or gaseous ions or molecules on the surface of solids. 
Thereby, the solid phase is referred to as sorbent and the adsorbed molecule/ion is called 
sorptive and both together form the sorbate (see Fig. 2.8). Besides adsorption, absorption can 
occur. This is the migration of a substance from one phase into the bulk of another. Both 
processes can occur simultaneously, and if so, then the shorter term sorption is used (Oscik 
1982). Furthermore, there is also no sharp boundary between adsorption and surface 
precipitation detectable in real systems. In this work, the term sorption means both adsorption 
and absorption. Studying sorption processes is important because it represents one of the most 
relevant processes that influence chemical pathways of contaminants in the environment. 
Besides sorption, dissolution, and precipitation (representing the solubility of e.g., actinides in 
aqueous solutions), transport (by water or sorption on colloids), complexation by ligands, 
redox processes, and interaction with biota (e.g. biosorption) affect their distribution in the 
environment (Runde 2000, Müller 2010). 
 
Fig. 2.8 Illustration of sorption on surfaces and possible uranyl surface complexes on SiO2 
(modified after Sylwester et al. (2000))  a) outer-sphere adsorption; b) monodentate 
inner-sphere adsorption; c) bidentate inner-sphere adsorption to two silicon atoms; d) 
bidentate inner-sphere adsorption to a single silicon atom. 
Sorption of actinides depends on several factors like actinide oxidation state (An4+ > An3+ > 
AnO2
2+ >> AnO2
+), concentration, presence of complexing ligands or competing cations, pH, 
temperature, and properties of the surface like charge density, reactivity, specific area, and 
roughness. The latter together with the chemical behavior of surface functional groups defines 
the surface reactivity of the solid phases. Surface complexation occurs when a surface 
functional group reacts with a molecule or ion (like metal cations) dissolved in the 
surrounding fluid. The forming stable unit is called a surface complex where two fundamental 
forms can be distinguished. Inner-sphere complexes form when the moiety attached to the 
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surface has lost its solvation shell. This process is sometimes referred as chemisorption. If the 
solvation shell is retained, this complex is called an outer-sphere complex (physisorption). 
Outer-sphere complexes are less stable due to ionic bonding whereas inner-sphere complexes 
involve ionic or covalent bonding. Inner-sphere complexes are monodentate or bidentate 
depending on the number of surface groups the sorbate is coordinated with whereas denticity 
is meaningless for outer-sphere complexes. One can further distinguish between mononuclear 
and binuclear complexes depending on the number of involved metal centers per sorbate. An 
illustration of outer-sphere and inner-sphere (mononuclear) surface complexes is given in Fig. 
2.8. Both inner- and outer-sphere complexes of the same sorptive can exist on a solid surface 
simultaneously (Sposito 1984, Runde 2000, Scheffer et al. 2010, Maher et al. 2013, Ojovan et 
al. 2014). 
Adsorption can induce both surface precipitation and incorporation into solid phases. Ligands 
can affect the metal adsorption (1) by forming a soluble complex with the metal (which then 
in turn may sorb itself) primarily decreasing the free concentration of the metal in solution, or 
(2) by their adsorption at the adsorbent thus blocking binding sites (Sposito 1984, Scheffer et 
al. 2010, Maher et al. 2013). Additionally, ligands can compete with cations affecting the 
metal sorption on the adsorbent. In presence of both ligands and competing cations, ternary 
complexes can form, both in solution and on surfaces rendering the situation more 
complicated. For example, Ca2+ can competitively inhibit the adsorption of uranyl-carbonate 
complexes on quartz and ferrihydrite, because of the formation of stable CaUO2(CO3)3
2– and 
Ca2UO2(CO3)3
0 aqueous complexes (Dong et al. 2005, Fox et al. 2006). 
Taking into account boundary conditions defined by typical environmental scenarios, more 
complex systems, such as ones containing alkaline earths are necessary to study. They play a 
major role in nature, and are able to possibly interact via: (1) influence on the aquatic 
speciation (e.g., formation of ternary complexes - which in some cases may sorb themselves), 
(2) sorption on the mineral (competing for binding sites), or (3) (co-)precipitation (Scheffer et 
al. 2010). Here, the effect of calcium, namely the Ca2+ cation, which is ubiquitous in natural 
(ground, surface, and rain) waters as well as in clay pore waters was studied. It is a component 
in soil solutions e.g., forest soil: < 2.5 × 10–5 – 4.5 × 10–3 mol L–1 Ca2+ and farmland: 
1.25 × 10–4 – 1.5 × 10–2 mol L–1 Ca2+ (Blume et al. 2010). It may also be leached from backfill 
materials. Also, waters related to host rocks of potential final repositories for radioactive 
waste contain Ca2+: pore waters from opalinus clay (1.86 × 10–3 – 1.05 × 10–2 mol kg–1 H2O) 
(Nagra 2002), water at the pit Konrad (5 × 10–2 mol L–1 – 1.3 × 10–1 mol L–1) (Brewitz 1982), 
the Äspö groundwater (5.7 × 10–2 mol L–1 – 8 × 10–2 mol L–1) (Hallbeck et al. 2008), and the 
groundwater in Gorleben (2.4 × 10–4 mol L–1 – 2.2 × 10–2 mol L–1) (Klinge et al. 2007, Noseck 
et al. 2012). Thus, its presence and role in the formation of ternary complexes with U(VI) and 
carbonate changes U(VI) retardation in ways that are difficult to predict. According to most 
environmental scenarios, the concentration of Ca2+ investigated in this work was selected to 
be in the millimolar range. 
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The differences between ion exchange, adsorption, and surface precipitation are small, thus 
experimental identification can only be accomplished with spectroscopic approaches, such as 
laser spectroscopy (TRLFS), vibrational spectroscopy (IR, Raman), X-ray absorption 
spectroscopy (XANES, EXAFS), X-ray reflectivity (RAXR, CTR), resonance spectroscopy 
(NMR, ESR), and X-ray diffraction (XRD). 
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2.4 Sorption of actinides und lanthanides onto feldspar and mica 
Sorption studies of uranium, neptunium, and neodymium have been performed on numerous 
synthetic and natural sorbents. For example, batch experiments on TiO2, iron oxy-hydroxides, 
silicon oxy-hydroxides, aluminum oxy-hydroxides, clay minerals (kaolinite, bentonite, and 
montmorillonite), calcite, apatite, feldspar, and mica have been performed. Recent reviews are 
supplied by Tan et al. (2010), Maher et al. (2013), and Shaheen et al. (2013). They show that 
U(VI) forms dominantly inner-sphere complexes on oxygen-based minerals with mostly 
bidentate linkages to surface oxo groups. For Np(V), inner-sphere complexes are also found 
on various mineral surfaces (Maher et al. 2013). For Ln(III), Tan et al. (2010) showed a 
formation of an inner-sphere complex of Eu(III) onto oxides and clay minerals as is also 
reported for Cm(III) onto alkali feldspars Stumpf et al. (2006) and other minerals (quartz, 
clay, oxides). 
For sorption studies of U(VI) on muscovite, only few data are available (Ames et al. 1983, 
Moyes et al. 2000, Arnold et al. 2006, Ilton et al. 2006, Saslow Gomez et al. 2012). In 
addition, some studies were performed where surface complexation parameters for muscovite 
were generated (Sverjensky 1993, Arnold et al. 2001, Nebelung et al. 2010). For orthoclase, 
less data are available. Nebelung et al. (2010) and Kerisit et al. (2012) studied the sorption of 
U(VI) on orthoclase, but no surface complexation modeling has yet been performed for 
orthoclase. To date, only have surface complexation parameters for albite been modeled 
(Arnold et al. 2001, Nebelung et al. 2010). Some more information on the sorption of U(VI) 
onto albite can be found in Walter et al. (2005). In general, a U(VI) sorption maximum occurs 
at circumneutral pH values in presence of atmospheric carbonate, and the formation of 
uranium-carbonate complexes leads to a decrease of sorption at higher pH values. In contrast, 
in the absence of carbonate, the sorption at the maximum is maintained at higher pH values. 
The sorption of Np(V) onto mica and feldspar has been the topic of several studies, but none 
of them have directly addressed muscovite or orthoclase. Some studies investigated the 
sorption of Np(V) onto biotite where Nakata et al. (1999) observed the sorption on the 
crystalline mineral features accompanied by ion exchange (Nakayama et al. 1991, Kaukonen 
et al. 1996, Wang et al. 2001, Teterin et al. 2010). For feldspar, Chardon et al. (2008) 
observed that Np(V) is taken up from microcline at pH 6 and 10. For plagioclase, uptake 
occurs at pH 2, 6, and 10 where the general uptake as weak surface complex is less than the 
one for U(VI) as suggested by Del Nero et al. (2004). Furthermore, Kohler et al. (1999) 
studied Np(V) sorption onto albite in comparison to other minerals. Schmeide et al. (2010), 
Tachi et al. (2010), Turner et al. (1998), Wu et al. (2009), and Fröhlich et al. (2011) observed 
in their Np(V) sorption studies onto kaolinite, montmorillonite, gibbsite, and opalinus clay, 
respectively, a sorption maximum between pH 8 and 9 and a decrease of Np(V) sorption at 
higher pH values due to the presence of dissolved neptunium-carbonate complexes. These 
negatively charged species did not sorb onto the also negatively charged mineral surfaces at 
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high pH values. In general, Np(V) sorption was observed in these studies to be similar to that 
observed for U(VI), although Np(V) sorption is shifted to higher pH values and is generally 
lower than those for U(VI). 
Neodymium sorption onto feldspars and mica has been studied very rarely. Sorption studies 
onto granite (and onto orthoclase as one component) were performed by Mecherri et al. 
(1990), (1992), and Allard et al. (1979). Furthermore, granitic biotite was investigated to show 
a higher sorption ability towards Nd than feldspar (Misaelides et al. 2001). Gladysz-Plaska et 
al. (2000) observed an influence of the ionic strength in the neodymium sorption onto zeolite. 
More specifically, an increase in ionic strength was found to decrease the sorption. Sorption 
studies with Nd(III) and other Ln(III) (Eu, Yb, Gd) onto illite, montmorillonite, oxides, and 
zeolite show a sorption edge between pH 4 and 7 where maximum sorption is reached 
(Gladysz-Plaska et al. 2000, Kulik et al. 2000, Sinitsyn et al. 2000, Bradbury et al. 2005a, 
Piasecki et al. 2008). In addition, Stumpf et al. (2006) studied Cm(III) sorption onto different 
feldspar surfaces by TRLFS and identified three luminescent species: a Cm(III) aquo ion and 
two adsorption species. 
This clearly reveals a lack of information for the sorption of U(VI), Np(V), and Nd(III) on 
muscovite and orthoclase including quantitative parameters as well as information on the 
formation of predominant surface species. Further, a more thorough description of these 
specific systems will, hopefully, also shed more light onto general aspects of the sorption 
behavior of heavy metal cations on feldspar and mica. 
Finally, boundary conditions defined by typical environmental scenarios, e.g., complex 
systems with alkaline earths as described for Ca2+ in section 2.3, had to be taken into account. 
Uranium(VI) was measured in acid mine drainage waters in concentrations of 4.4×10–5 M as 
was observed in Königstein (Germany) (Krawczyk-Bärsch et al. 2011), Baumann et al. (2012) 
found it in concentrations between 0.3×10–6 and 3.7×10–6 mol L–1 in seepage water and pore 
water near Ronneburg (Germany). Based on the above given ranges, the U(VI) concentrations 
was selected in the micro molar range because of its relevance for most environmental 
scenarios. For Ca, the concentrations were set to the millimolar range representing natural 
concentrations of groundwater like previously mentioned. 
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2.5 Sorption models 
Batch sorption and diffusion experiments were often carried out to determine a distribution 
coefficient (Kd), which is defined as the concentration ratio between the actinide in the solid 
and the liquid phase (Appelo et al. 2005). Kd values depend strongly on experimental 
conditions like temperature, pH, concentration, presence of ligands, or competing ions. These 
Kd values are defined for equilibrium conditions, but in fact it is difficult to ascertain if 
equilibrium is achieved, therefore they are actually conditional coefficients. Hence, there are 
some risks inherent to the extrapolation of experimentally derived Kd values to environmental 
conditions. Variation of actinide concentration in the solid phase or the correlation between 
Kd and equilibrium concentration in the aqueous phase at constant temperature can be 
described by sorption isotherms. Several sorption isotherms exist ranging from a simple linear 
correlation (Henry isotherm - 1803) to more complex ones like Freundlich (1906) and 
Langmuir (1918) isotherms (Appelo et al. 2005). 
A more accurate quantification of sorption data can be performed using a mechanistic 
modeling approach that combines surface complexation, ion exchange (IX), and surface 
precipitation. Based on geochemical principles several surface complexation models (SCM) 
have been developed, differing in definitions and specific parameters of the water-mineral 
interface. The most common models are the Diffuse Double Layer Model (Dzombak 1990), 
the Constant Capacitance Model (Stumm et al. 1980), the Triple Layer Model (Davis et al. 
1978) and the non-electrostatic model (Bradbury et al. 1997). In all of them, solid surface 
binding sites able to protonate and deprotonate (≡X-OH) and are the essential components. 
For the calculation at higher ionic strength, the specific ion interaction theory (SIT) (Ciavatta 
1980) and the ion interaction model of Pitzer (Pitzer 1981) can be applied, but they are limited 
to only dissolved species. Due to uncertainties in thermodynamic data, because of less 
experimental data or missing mineral specific parameters, a lot of studies do not derive 
surface complexation parameters from batch sorption experiments (Wang et al. 2001, 
OECD/NEA 2005, Lützenkirchen 2006, Müller 2010). 
To describe sorption of complex systems by SCM and IX, two modeling approaches are used: 
the “generalized composite” approach that simulates sorption using generic surface binding 
sites and the “component additivity” approach that predicts sorption using unique surface 
binding sites for each sorptive (Davis et al. 1998). In the generalized composite approach one- 
and two-site (differentiation between weak or strong binding sites) SCM parameters are 
varied until they fit the experimental data. Therefore, only little information about the system 
is required, but the approach, is always specific for the investigated system. In the component 
additive approach known surface complexation data for simple, i.e., binary, systems is 
compiled in a database to describe mineralogical complex systems. Validation of predictions 
of this approach with independent experimental data gives hints to the correctness, 
completeness, and significance of the reactions, and in this context the species used for this 
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model. Discrepancies can show gaps where more data are necessary and further experiments 
are needed (Davis et al. 1998, Joseph 2013). 
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2.6 Spectroscopy (TRLFS, ATR FT-IR) 
For detailed characterization of sorption processes the surface structures have to be studied on 
a molecular level. This can be achieved by a combination of different spectroscopic 
techniques by combining Time-resolved laser-induced fluorescence spectroscopy (TRLFS) 
with Attenuated total reflection Fourier transform-infrared (ATR FT-IR) spectroscopy. 
2.6.1 TRLFS 
TRLFS is a useful method to identify different complexes through small spectral changes 
induced by different ligand environments that can be distinguished at very low concentrations. 
It is very selective, sensitive, and dynamic, and it allows for the analysis of luminescent 
elements represented in the case of actinides and lanthanides by U, Pa, Cm, Am, Eu, Dy, Tb, 
Sm, and Gd (Moulin et al. 2001). 
To understand the principles of the TRLFS technique some basics knowledge about 
luminescence is required. Processes where molecules or atoms absorb photons causing the 
excitation of electrons to higher energetic levels and the subsequent emission of 
electromagnetic radiation to reach the ground state again are referred to as 
photoluminescence. The absorption of light can excite electrons to electronic, vibronic, and 
rotational states. In a following step, relaxation to the ground state is possible with a number 
of different mechanisms (Lakowicz 2007). The transitions eventually leading to emission of 
light are illustrated in the Jablonski diagram Fig. 2.9. 
 
Fig. 2.9 Jablonski diagram for fluorescence and phosphorescence adapted from Lakowicz 
(2007). 
When atoms or molecules are excited by absorbing a photon a transition of electrons from the 
ground state (S0) to higher electronic states (S1, S2) takes place. This is a fast process 
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occurring within 10–15 s. The higher energy states are transient and the decay to the ground 
state can be reached by several processes. During relaxation energy transfer with (S2S1, 
internal conversion) or without (vibrational relaxation or thermal equilibrium) change of the 
electronic state takes place. When the relaxation with change of the energy state contains an 
additional change of the spin it is referred to as intersystem crossing. Furthermore, the ground 
state can be reached by emission of radiation. Transitions with equal spin multiplicity are 
referred to as fluorescence (S1S0), whereas transitions with spin change (e.g. T1S0) are 
referred to as phosphorescence. The emission spectrum is typically the mirror image of the 
absorption spectrum, but due to energy loss in the excited state, because of radiationless 
relaxation, the emission spectra always show lower energy. This results in a shift to higher 
wavelengths referred to as Stokes shift (Perkampus 1993). 
Upon excitation, luminescent probes then decay back to the ground state. The time until the 
ground state is reached again is dependent on the substance and its surrounding. Thus, by 
measuring the luminescence lifetime in combination with the emission spectrum of the 
substance/element, characteristic information on the speciation of the element in the 
investigated sample can be obtained. The luminescence lifetime is based on exponential decay 
patterns given by Lakowicz (2007) for an multi-exponential intensity decrease by the 
following equation: 
𝐸(𝑡) =∑𝐴𝑖 × 𝑒
−𝑡
𝜏𝑖
𝑖
 Eq. 2 
Here E names the total luminescence intensity at time t, Ai is the luminescence intensity of 
species i at t = 0 and τi is the luminescence lifetime of the species i. Uranium is one of the 
actinides known to luminescence in the visible wavelength region when it is excited with 
light. U(VI) has a wide range of excitation wavelengths (266, 407, 415, 420, and 430 nm from 
Billard et al. (2003), Chisholm-Brause et al. (2001), Chang et al. (2006), Elzinga et al. (2004), 
Kowal-Fouchard et al. (2004)). As shown in Drobot et al. (2015) ligand to metal charge 
transfer (LMCT) is responsible for the excitation in the UV range below 370 nm. In contrast 
to U(VI), U(IV) shows only one excitation maximum at 245 nm (Kirishima et al. 2004). 
Furthermore, U(V) can be excited at 408 nm as well as at 255 nm (Steudtner et al. 2006, 
Grossmann et al. 2009a, 2009b). The aquatic uranyl(VI) ion shows an emission spectrum of 
six maxima (470, 488, 509, 533, 558, 585 nm) as shown in Fig. 2.10. These six emission 
peaks originate from transitions between excited energy levels at 21270 and 20502 cm–1 either 
directly to the ground state (S0) or to the various vibrational levels of the S0 ground state (only 
from 20502 cm–1). 
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Fig. 2.10 Term scheme of luminescence processes of excited U(VI) adapted from Bell et al. 
(1968). 
Changes in the speciation of U(VI) lead to a shift of the location of the luminescence peaks as 
well as to a change in luminescence decay. This can be used to identify different species with 
TRLFS. 
In this study, the uranyl samples were excited with a laser of a distinct wavelength (266 nm). 
The decay of these excited species back to the ground state is accompanied by emitting 
photons from distinct energy levels. These energy levels depend on the complexation of the 
central atom e.g., UO2
2+. The luminescence light emitted from the sample was spectrally 
filtered by a spectrograph (SpectraPro 300i, Acton Research, Acton MA, USA) and detected 
by an iCCD camera (mod. 7467-0008, Princeton Instruments, Trenton NJ, USA). To reduce 
the influence of scattered laser light, the emission was monitored at an angle of 90°. The 
spectrograph monochromatizes the incoming laser light in wavelength dependent parts using a 
grating. A detector (iCCD) sends the signals from the spectrograph to a controller (mod. 
DG535 Digital Delay/Pulse Generator, Stanford Research System, Sunnyval CA, USA), 
where the delay and exposure time of the laser can be set. Thus, a series of luminescence 
spectra can be taken varying in their time difference to the laser excitation. Using this method 
it is possible to measure time-resolved luminescence and, thus be able to discriminate 
different species occurring in complex systems by their lifetime.  
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2.6.2 ATR FT-IR spectroscopy 
The following information on ATR FT-IR is compiled from Lefèvre (2004), Hind et al. 
(2001), and Müller (2010). 
Fourier transform infrared (FT-IR) attenuated total reflectance (ATR) spectroscopy is a good 
tool to study solid/liquid interfacial phenomena in situ. Thus, no altering of the sample is 
required resulting in more natural conditions. In addition, sorption processes on mineral 
surfaces have been previously studied with ATR FT-IR (e.g. by Müller et al. (2013) and 
Lefèvre (2004)). 
ATR spectroscopy is based on the presence of an evanescent electromagnetic field in a 
medium with a lower index of refraction (n1) in contact with a medium of higher optically 
density (n2). In the second one, a light is introduced (infrared), and the wave of radiation 
undergoes total internal reflection (Fig. 2.11).  
 
Fig. 2.11 Schematic diagram of total internal reflection of a horizontal sampling accessory, 
showing the parameters of significance: n represents the refractive index of the ATR 
crystal as well of the sample, where n1 < n2, θ represents the angle of incidence. 
Adapted from Lefèvre (2004). 
In the medium with lower refraction index (n1), the amplitude of the evanescent field decays 
exponentially, according to Eq. 3. Thus, the light only probes the first micrometers of this 
medium. The wavelength in the optically denser medium is λ1 = λvacuum/n2, θ expresses the 
internal reflection angle and the distance inside the probed medium from the surface is given 
by Z. 
E = E0exp[-2π/λ1 (sin2θ-(n1/n2)2)1/2Z] = E0exp(-γZ) Eq. 3 
Interaction of the sample (lighter medium) at each point of reflection leads to an absorption of 
radiation and so the reflected wave becomes attenuated. Their reflectance for N reflections 
can be expressed as: 
RN = (1 – αde)N Eq. 4 
 33 
 
where de is the effective thickness that is defined by the thickness of the sample required for 
the same absorption in transmission mode as the one obtained in reflectance in the crystal, and 
α is the absorptivity of the sample. For application in ATR spectroscopy, a variety of different 
crystals exist with different specifications. In addition, information on the crystals, sample 
preparation and solution used in ATR spectroscopy are given in Lefèvre (2004). 
Adsorption processes can be studied due to differences in the absorption behavior of the 
sample (mineral particle film) when elements from the solution sorb to it. In order to see those 
changes, spectra at different time steps (before and after sorption) were taken and compared. 
The absorption of the infrared in the sample occurs through stretching vibrations of the 
oxoions. For example, the isolated water molecule shows a symmetrical and antisymmetrical 
stretching vibration of the O–H bond (ν1, ν3) as well as a bending vibration of the H–O–H 
angle (ν2). The IR spectrum of liquid water is more complex due to intermolecular 
interactions. When the vibrational modes of interest interfere with the ones of the water 
molecules, the resulting spectra are very difficult to interpret. To avoid this effect samples can 
be prepared in D2O. 
The most common ions studied for interactions with minerals as surface complexes are 
oxoanions MOn
m– e.g., CO3
2– where the absorption is due to the M–O stretching as well as 
heavier oxoions like UO2
2+ and NpO2
+ where the asymmetric stretching vibration between the 
metal and the oxygen O-Me-O are inducing the absorption. 
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3. Methods 
To investigate the sorption of U(VI), Np(V), and Nd(III) onto orthoclase and muscovite, batch 
sorption experiments as well as TRLFS and ATR FT-IR measurements were performed. With 
the resulting data, surface complexation models can be set up. The model was then fitted to 
the experimental values to obtain SCM data sets (e.g., stability constants for the relevant 
surface complexes). These methods are explained in detail in the following sections. 
All chemicals used in this work were of analytical grade. Solutions were prepared using 
ultrapure water with a resistivity of 18.2 MΩ cm–1, and the pH was adjusted by means of 
HClO4, HCl, and NaOH, respectively. Sample preparations, experiments, and analysis were 
performed under normal atmosphere and at room temperature (298 K) with the exception of 
some TRLFS measurements that were performed at differing temperatures (see 3.2). In 
addition, experiments that were performed to investigate the microbes in the minerals as well 
as in quartz are described. Quartz was also used, because within the WEIMAR project 
sorption experiments onto this mineral were performed by project partners whom have not 
had the opportunity to investigate the microbial relationship with the mineral. 
3.1 Batch sorption experiments 
Batch experiments of U(VI), Np(V), and Nd(III) sorption onto orthoclase and muscovite were 
performed varying pH and different parameters (Table 3.1). 
Table 3.1 Compilation of parameters varied in sorption experiments. 
 concentration Solid-to-liquid ratio Background electrolyte 
10–6 M 10–5 M 1/20 g mL–1 1/80 g mL–1 0.01 M NaClO4 1 M NaClO4 
U(VI) x x x x x x 
Np(V) x  x x x x 
Nd(III) x x x x x x* 
*only for SLR of 1/20 g mL–1 and 10–5 M 
The experiments were performed as triplicates in 0.01 M or 1 M NaClO4 in the pH range from 
5 to 8 for uranium, 4 to 8 for neodymium, and 5 to 12 for neptunium. After achieving stable 
pH values (pH ± 0.1) for the solid-to-liquid ratios (SLRs) 1/20 and 1/80 g mL–1 during a 
conditioning stage, the elements (U(VI), Np(V), or Nd(III)) were added to get a final 
concentration in solution of 10–5 mol L–1 or 10–6 mol L–1. The conditioning of the minerals is a 
process that can potential last up to three months. Suitable SLRs and sorption time were 
chosen from preliminary experiments for U(VI) (see section 4.2.1). After a sorption time of 
one week, the suspension was centrifuged (1 h at 6800 × g – Avanti J-20XP, Beckman 
Coulter), and the supernatant analyzed with Inductively coupled plasma mass spectroscopy 
(ICP-MS) (U(VI) and Nd(III)) or Liquid scintillation counting (LSC) (Np(V)).  
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Due to shifts of the pH at high ionic strength, a pH correction (A) for the experiments in 
1 M NaClO4 has been done according to the following equation where x stands for the ionic 
strength (Petrov et al. 2011): 
A = 0.0046x² + 0.27x – 0.0152 Eq. 5 
Solutions for batch and TRLFS (only U(VI)) experiments were prepared using a stock 
solution of 0.1 mol L–1 UO2
2+ in 0.5 mol L–1 HClO4 for U(VI) and a 0.055 mol L
–1 Np(V) in 
0.1 mol L–1 HClO4 for Np. Solutions of Nd were prepared from a stock solution of 
5×10-4 mol L–1 prepared by diluting Nd2O3 in ultrapure water. 
To investigate the influence of microbes present in the minerals on the U(VI) sorption, batch 
experiments under various growth-inhibiting conditions (autoclaving or not, light or darkness, 
work in a laminar flow box, and sodium azide) were performed as previously described. The 
samples had a SLR of 1/20 g mL–1 in 0.01 M NaClO4, the pH was 7 and 10
–6 M was the final 
U(VI) concentration in the solutions. The samples were centrifuged at 2800×g (Megafuge 1.0, 
Heraeus) for one hour and analyzed by ICP-MS. 
Furthermore, the influence of Ca2+ as competing cation on the sorption of U(VI) was 
investigated. Batch samples from pH 5 to 8 at an SLR of 1/20 g mL–1 were prepared. After 
stabilization of the pH, 1.5×10–3 mol L–1 Ca2+ was added and sorbed for one week. 
Subsequently, 10–6 mol L–1 U(VI) was added and sorbed for an additional week, then the 
samples were centrifuged and the supernatant was analyzed by ICP-MS for uranium and by 
Atomic absorption spectroscopy (AAS) for calcium. 
 36 
 
3.2 TRLFS 
To gain molecular information of the sorption process of uranium, Time-resolved laser-
induced fluorescence spectroscopy (TRLFS) was applied. Batch samples of the minerals 
(grain size < 63 µm, SLR of 1/20 g mL–1) were prepared at pH values from 4 to 9 in 0.5 step 
sizes. After equilibration U(VI) was added to an initial concentration of 10–5 mol L–1. Two 
kinds of TRLFS samples were prepared for each experiment. The first was the aqueous U(VI) 
species in the supernatant measured at 274 K in a quartz glass cuvette. The second was the 
uranium speciation in a mineral suspension. This was measured after centrifugation and twice 
washed solutions (ultrapure water). The slurry was filled into quartz glass tubes of 4 cm 
length with an outer diameter of 4.35 ± 0.2 mm and a wall thickness of 1 ± 0.2 mm (Ilmasil 
PN, QSIL GmbH, Ilmenau, Germany) and attached to a specifically designed sample holder. 
These samples were cooled down to 153 K as described in Steudtner et al. (2011) by using a 
cryogenic cooling system (mod. TG-KKK, KGW-Isotherm, Karlsruhe, Germany) to reduce 
quenching and to enhance luminescence signals. The laser system used to determine all U(VI) 
luminescence spectra is described in detail in Steudtner et al. (2011). The fourth harmonic of 
the Nd:YAG laser system (266 nm, Inlite laser system, Continuum, Santa Clara, CA, USA), 
and a gate width of 0.5 ms was used. Time-resolved spectra were recorded by a dynamic step 
size (ti) for the delay time shift to ensure equal variance of fast and slow decays in the data. 
The associated formula is given in Eq. 6 where i stand for the number of steps in series. The 
initial offset to laser pulse (t0) was set to 0.1 µs.  
ti = t0 + i
4/700 Eq. 6 
An average of 50 measurements was used for each delay time. Furthermore, the influence of 
Ca2+ on the sorption of U(VI) was studied by TRLFS. Therefore, batch sorption samples with 
1.5×10–3 mol L–1 Ca2+ and 10–5 mol L–1 U(VI) in contact with orthoclase at pH 5 to 9 were 
prepared. For characterization of the Ca2UO2(CO3)3 complex, measurements at 274 K were 
also performed. 
With Parallel factor analysis (PARAFAC) from the N-way toolbox for Matlab (Andersson et 
al. 2000), baseline corrected TRLFS data were deconvoluted as previously described by 
Drobot et al. (2015). In short, with this method simultaneous analysis can be found of multi-
way data with three or more independent variables measured in a crossed fashion. After raw 
data were baseline corrected and normalized to a luminescence maximum of one to ensure 
equal weighting, 2D data (emission wavelength vs. time) from measurements at different pH 
values were stacked to a 3D data cube. As result of the deconvolution with PARAFAC three 
matrices were generated providing direct access to species distribution, luminescence spectra, 
and luminescence decay. Monoexponential (for luminescence decays) and nonnegative 
(emission spectra and distribution) constrains were used. 
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3.3 ATR FT-IR 
The following description of the ATR FT-IR spectroscopy is given in detail in Richter et al. 
(2015). For complementary molecular information of U(VI) and Np(V) species on orthoclase 
and muscovite surfaces, ATR FT-IR spectroscopy was applied. Infrared spectra were 
measured from 1800 to 800 cm−1 on a Bruker Vertex 80/v vacuum spectrometer equipped 
with a Mercury cadmium telluride (MCT) detector at a spectral resolution of 4 cm−1. Spectra 
were averaged over 256 scans. A horizontal diamond crystal with nine internal reflections 
(DURA SamplIR II, Smiths Inc.) was used. The setup of these experiments is described 
further by Müller et al. (2012). 
For the performance of in situ sorption experiments, a thin mineral film prepared directly on 
the surface of the ATR diamond crystal as stationary phase is required. Aliquots of 5 µL of 
2.5 g L–1 suspensions of orthoclase and muscovite, respectively, were pipetted on the crystal 
and subsequently dried with a gentle stream of N2. This procedure was repeated for an 
average mass density per area of 0.08 mg cm–2. The mineral film was conditioned by flushing 
with the blank solution (0.01 mol L–1 NaCl) for 60 min using a flow cell (V = 200 µL) at a 
rate of 100 µL min–1. Subsequently, the sorption reactions were induced by rinsing the 
mineral film with the U(VI) or Np(V) solution (0.01 mol L–1 NaCl) for 90 min. Finally, the 
loaded mineral phase was flushed again with the blank solution (30 min) to gain more 
information on the reversibility of the sorbed species. For the IR spectroscopic work NaCl 
was used as background electrolyte because it shows no absorption throughout the frequency 
range of interest. Uranium surface speciation should not be significantly affected by the 
background electrolyte since the samples were prepared at pH 6, where chloride is not a 
strong complexant of uranium (Müller et al. 2008). 
Due to differences in the sorption of U(VI) and Np(V) some conditions of the IR spectroscopy 
are varied as given in the following: 
 U(VI): all solutions adjusted to pH 6, 20 µmol L–1 U(VI) solution prepared from a 
0.2 mol L–1 UO2
2+ stock solution in 1 mol L–1 HCl 
 Np(V): all solutions adjusted to pH 6 or pD 9.6, respectively, 50 µmol L–1 Np(V) 
solution prepared from a 0.02 mol L–1 NpO2
+ stock solution in 1 mol L–1 DCl 
For the detection of very small absorption changes resulting from the sorption process in 
comparison to the very strong absorbing background, i.e. water, mineral film, the principle of 
reaction-induced difference spectroscopy was applied. Further details on the calculation of 
difference spectra are given in Müller et al. (2012) and Müller et al. (2013). 
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3.4 Thermodynamic Modeling 
To derive surface complexation parameters thermodynamic modeling is a useful tool. Thus in 
the following codes, model setup, and database are described into detail. 
3.4.1 Speciation codes 
Speciation calculations can be performed with a variety of programs. The calculations in this 
work were mostly created using the geochemical speciation code PhreeqC version 3.1.7-9213 
(Parkhurst et al. 2013) with a project-specific database (WEIMAR_EDH.dat). The speciation 
calculations for neodymium were made with Geochemist's Workbench® (Modul 'React') 
Version 10.0.4 and the database from LLNL, version V8 R6+. 
A coupling of PhreeqC with the parameter estimation code UCODE, version 1.024 (Poeter et 
al. 2014) was used to derive the surface complexation parameters for the sorption of U(VI), 
Np(V), and Nd(III) onto orthoclase and muscovite. 
3.4.2 Thermodynamic model setup 
The aquatic speciation of U(VI), Np(V), and Nd(III) were computed for solutions both with 
the background electrolyte (0.01 M NaClO4) and with all leached elements at their 
analytically determined concentration. Furthermore, the dissolution of muscovite and 
orthoclase in 0.01 M NaClO4 at 25°C was modeled comparing a complete dissolution with the 
formation of secondary phases like SiO2 silica gel and amorphous gibbsite. 
The modeling of pH-dependent sorption of U(VI), Np(V), and Nd(III) onto orthoclase and 
muscovite utilized the Diffuse Double Layer Model (DDLM) described by Dzombak (1990). 
For muscovite ion exchange processes have been regarded, whereas for orthoclase they do not 
play a significant role. However, it was found that even for muscovite ion exchange processes 
are not relevant in the investigated pH range (5 – 8), since the free uranyl(VI) ion capable of 
ion exchange is only present at more acidic pH values (≤ 4). Concerning the surface protolysis 
the 2pK model has been selected, i.e., two protolysis steps are assumed. In general, the 
protolysis constants (pK1/pK2) and site density (SSD) were taken from studies of muscovite 
and albite described in Arnold et al. (2000), (2001). The pK-values were corrected to infinite 
dilution by using the Davies equation (Davies 1962) for the activity of aqueous species. 
Mineral surface protolysis 
In order to keep the system simple, no distinction between strong and weak binding sites was 
made. Due to difficulties in spectroscopic distinction whether the sorption takes place at 
aluminol or silanol surface sites, generic surface species (≡X) both for orthoclase and 
muscovite were used. This leads to the following deprotonation reactions, with ≡X-OH 
denoting such a generic neutral surface binding site: 
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pK1: ≡X-OH2+  ≡X-OH + H+ Eq. 7 
pK2: ≡X-OH  ≡X-O– + H+ Eq. 8 
Following values were taken for the fitting procedure (as described above):  
(1) for orthoclase pK1 = 6.47, pK2 = -7.85, SSD = 3.1 nm
–2  
(2) for muscovite pK1 = 6.01, pK2 = -7.86, SSD = 2.61 nm
–2.  
The specific surface area (SSA) was experimentally determined by BET measurements, see 
4.1, these values were used for all fitting exercises. 
U(VI) surface complexation 
The predominant aquatic U(VI) species in the investigated pH range of pH 5 to 8, independent 
from the solid being present, are the free uranyl ion at lower pH values and the hydroxide and 
carbonate complexes at higher pH values (see Fig. 2.1). However, spectroscopy (TRLFS) 
indicated only the presence of the simple uranyl surface complex as well as a uranium-
carbonate complex for orthoclase in absence of Ca2+. Thus, the following surface 
complexation reactions are considered in the present model, additionally assuming that the 
surface speciation of uranium is similar for orthoclase and muscovite.  
≡XOH + UO22+   ⇔   ≡XO-UO2+ + H+ Eq. 9 
≡XOH + UO22+   + CO32−   ⇔   ≡XO-UO2CO3− + H+ Eq. 10 
At first all experimental data from the Ca-free batch sorption experiments were fitted to either 
the ≡XO-UO2+ or ≡XO-UO2CO3− surface complex in order to derive robust starting values for 
the fit of the combined chemical model comprising of both surface complexes. Any fits to 
more complex chemical models also including further surface species such as ≡XO-UO2(OH) 
or ≡XO-(UO2)3(OH)5 were tested, but not successful.  
Finally, the obtained log K values for U(VI) sorption onto orthoclase and muscovite in 
absence of calcium were used for predictive modeling of the experimental data obtained for 
the system containing calcium. 
Np(V) surface complexation 
For Np(V) in the pH range of interest (pH 5 to 10), NpO2
+ dominates the aquatic speciation 
until pH 8.5 where neptunium-carbonates start to become more relevant (see Fig. 2.2). Thus, 
neptunyl surface complexes as well as neptunium-carbonate complexes were considered for 
the modeling of Np(V) surface complexation. The model setup with only a neptunyl surface 
complex at the surfaces of orthoclase as well as muscovite describes the results of the batch 
experiments quite well and an additional implementation of the neptunium-carbonate surface 
complex does not leads to better results. So for the study of the sorption of Np(V) onto 
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orthoclase and muscovite only one surface species was used in the model at the end. 
Following surface complexation reaction is considered in the model: 
≡XOH + NpO2+   ⇔   ≡XO-NpO2 + H+ Eq. 11 
Nd(III) surface complexation 
The Nd(III) species dominating in aqueous solution are the Nd3+ cation until pH 8, followed 
by neodymium-carbonate NdCO3
+ and neodymium-hydroxides like NdOH2+ (see Fig. 2.3). 
Again, similar surface speciation for orthoclase and muscovite is assumed. The generation of 
Nd(III) surface complexation was performed by starting with only one surface complex 
≡XO-Nd2+, which could not fully describe the sorption results. Thus, in addition a 
neodymium-carbonate as well as a neodymium-hydroxide complex was implemented into the 
SCM. The implementation of the neodymium-carbonate complex leads to very good results of 
the fit that could not be enhanced by an addition of a neodymium-hydroxide surface complex. 
Thus for the model of the Nd(III) surface complexation following reactions are considered: 
≡XOH + Nd3+   ⇔   ≡XO-Nd2+ + H+ Eq. 12 
≡XOH + Nd3+   + CO32−   ⇔   ≡XO-NdCO3 + H+ Eq. 13 
3.4.3 Database (Aqueous phase, minerals, surface chemistry) 
A project specific thermodynamic database (WEIMAR_EDH.dat) was used, which is 
primarily based on the Nagra/PSI database (Hummel et al. 2002). Concerning uranium and 
neptunium thermodynamic data from the respective volume of the OECD/NEA 
Thermochemical Database (Guillaumont et al. 2003) was used to update it. For the aqueous 
complexes Ca2UO2(CO3)3 (log K = -0.92) and CaUO2(CO3)3
2– (log K = -3.80) as first 
described by Bernhard et al. (1996) complex formation constants were taken from the 
THEREDA database, release 9 (www.thereda.de). Thermodynamic data for neodymium were 
taken from the LLNL database (llnl.dat from 2010-02-09). 
For some minerals not contained in these databases, e.g., orthoclase and muscovite, solubility 
data was taken from the original literature. The solubility of orthoclase with log Ksp = -0.12 is 
taken from Stefánsson et al. (2000), but unfortunately there is no uncertainty specified. The 
log Ksp calculations based on Gibbs free energies of formation confirm that the value is in the 
expected dimension. For muscovite only calculations for log Ksp based on formation data are 
possible. Averaging the respective solubility constants yields a log Ksp = 14.15 ± 0.74 (the 
error representing 2σ).  
The selection of the solubility constants for orthoclase and muscovite is discussed in detail in 
following as also described in the Supplementary Material of Richter et al. (2015). 
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“Whereas the respective dissolution reactions will be discussed separately for the two 
minerals considered, some thermodynamic basics are summarized here. The solubility 
constant Ksp is accessible through different ways. Most often it is derived either directly from 
dissolution/precipitation experiments or indirectly from Gibbs free energies by the van’t Hoff 
reaction isotherm ln Ksp = -RGo/(RT), where R is the general gas constant with 
8.31451 J/(K·mol) and T being the temperature in K. The Gibbs free energy of reaction can be 
computed simply from the sum of the Gibbs free energies of formation for all constituents 
RGo = S(iFGoi) or alternatively by applying the Gibbs-Helmholtz relation RGo = RHo – 
T·RSo. In the latter case the reaction quantities for the enthalpy H and the entropy S again 
have to be summed up over all products and educts through RHo = S(iFHoi) and RSo = 
S(iSoi), respectively. All values for FGo, FHo, and So with the exception of the mineral 
phases themselves were taken from Guillaumont et al. (2003), see Table 3.2” (Richter et al. 
2015). 
Sometimes reactions are formulated using SiO2(aq) instead of H4SiO4 (or Si(OH)4). This will 
not actually affect the value of the respective log Ksp, as the reaction:  
SiO2(aq) + 2 H2O  H4SiO4 has assigned a RGo = 0 kJ/mol. 
Table 3.2 Standard Gibbs free energies of formation, enthalpies of formation, and entropies for 
components required for dissolution reactions for muscovite and orthoclase. 
 FGo in kJ/mol FHo in kJ/mol S
o in J/(K·mol)
H+ 0 0 0 
H2O(l) -237.140 -285.830 69.950 
K+ -282.510 -252.140 101.200 
Al3+ -491.507 -538.400 -325.000 
Si(OH)4  H4SiO4 -1307.735 -1456.960 189.973 
Any thermodynamic values included in large databases coupled to geochemical speciation 
codes have not been considered when no proper bibliographic references were associated to 
allow a full trace back. 
Orthoclase solubility 
Surprisingly, for orthoclase KAlSi3O8 the literature survey did not yield a single original 
experimentally determined solubility constant. Instead, all published values for K-feldspars 
referred to either microcline (triclinic low-temperature polymorph) or sanidine (monoclinic 
high-temperature polymorph), both with the same stoichiometry KAlSi3O8. In this work 
preference is given to the microcline, which can be used as approximation for orthoclase 
where no data is available (Hochleitner 1996). 
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The most recent publication of log Ksp for microcline by Stefánsson et al. (2000) bases on a 
very broad range of experimental approaches. Their T-function for the microcline solubility 
can be described by the equation: 
KAlSi3O8 + 8 H2O  Al(OH)4– + K+ + 3 H4SiO4 Eq. 14 
and yields a log Ksp of -23.00 for T = 298.15 K. Combined with a log Ksp of 22.88 (Nagra/PSI 
database, see Hummel et al. (2002)) for the reaction: 
Al(OH)4
– + 4 H+  Al+3 + 4 H2O Eq. 15 
for the dissolution reaction: 
KAlSi3O8 + 4 H2O + 4 H
+ Al+3 + K+ + 3 Si(OH)4 Eq. 16 
a log Ksp = -0.12 is arrived as implemented in the thermodynamic database used for all 
speciation computations in this work. 
Although direct solubility measurements are preferred, several compilations of enthalpic 
values were also checked (again no data records for orthoclase could be found, and thus 
following calculations all refer to microcline). These values base on the above given 
dissolution reaction, RGo = FGo(K+) + FGo(Al3+) + 3FGo(H4SiO4) – 4FGo(H2O) – FGo 
(microcline), with similar equations applying for RHo and R So. In Table 3.3 the resulting 
values for log Ksp are summarized. 
Table 3.3 Numerical values used to derive log Ksp for microcline. 
 
∆FGo ∆FHo So ∆RHo ∆RSo ∆RGo ln Ksp log Ksp 
Reference J mol–1 J mol–1 
J mol–1  
K–1 
J mol–1 
 
J mol–1  
K–1 
J mol–1   
Tutolo et al. 
(2014) 
-3750.705 
    
2.043 -0.82 -0.36 
Gottschalk (1997) 
 
-3969.593 214.764 -48.507 -148.445 -4.248 1.71 0.74 
Holland et al. 
(2011)  
-3975.330 214.300 -42.770 -147.981 1.351 -0.54 -0.24 
Helgeson et al. 
(1978) 
-3746.245 
    
-2.417 0.98 0.42 
Robie et al. 
(1978)  
-3967.690 214.200 -50.410 -147.881 -6.319 2.55 1.11 
Although the obtained values for log Ksp are distributed over more than one order of 
magnitude, they are comparable to the value provided by Stefánsson et al. (2000), resulting in 
increasing confidence in their work. Therefore, log Ksp = -0.12 was selected for modeling the 
dissolution of microcline and eventually orthoclase. 
 
 
 43 
 
Muscovite solubility 
The literature survey for muscovite KAl3Si3O10(OH)2 did not yield any solubility constant 
based on solubility measurements, but several papers provided enthalpic values, i.e. FGo, 
FHo, and So. With the dissolution reaction: 
KAl3Si3O10(OH)2 + 10 H
+  K+ + 3 Al+3 + 3 H4SiO4 Eq. 17 
as basis it follows RGo = FGo(K+) + 3·FGo(Al3+) + 3·FGo(H4SiO4) - FGo (muscovite), 
with similar equations applying for RHo and R So. A summary of the resulting values for 
log Ksp is given in Table 3.4. 
Table 3.4 Numerical values used to derive log Ksp for muscovite. 
 
∆FGo ∆FHo So ∆RHo ∆RSo ∆RGo ln Ksp log Ksp 
Reference J mol
–1 J mol–1 J mol–1 
K–1 
J mol–1 J mol–1 K–
1 
J mol–1   
Berman (1988) -5596.723 
    
-83.513 33.69 14.63 
Haselton et al. 
(1995)  
-5970.450 306.400 -267.770 -610.281 -85.815 34.62 15.03 
Tutolo et al. 
(2014) 
-5602.376 
    
-77.860 31.41 13.64 
Helgeson et al. 
(1978) a) 
-5591.083 
    
-89.153 35.96 15.62 
Gottschalk 
(1997) 
 -5987.024 287.199 -251.196 -591.080 -74.965 30.24 13.13 
Holland et al. 
(2011) 
 -5976.560 292.000 -261.660 -595.881 -83.998 33.88 14.72 
Robie et al. 
(1978) 
 -5976.740 334.600 -261.480 -638.481 -71.117 28.69 12.46 
(Robie et al. 
1978)b) 
 -5976.740 306.400 -261.480 -610.281 -79.525 32.08 13.93 
a) Oelkers et al. (2008) refer in their work to the LLNL EQ3/6 database (data0.com.R6) where a log Ksp = 13.59 is stored, 
which most probably is due that the dissolution reaction is formulated with SiO2(aq) instead of H4SiO4. Furthermore, 
Sverjensky et al. (1991) cite also Helgeson et al. (1978) but with a FGo = -1335.667 kcal/mol = -5588.431 kJ/mol. This 
would lead to log Ksp = 16.08, actually higher than any other reported value for this reaction. 
b) Gottschalk (1997) also refers to Robie et al. (1978). However, he does not report the original So value in his table 5 but 
rather a value identical to the one from Haselton et al. (1995). The derived log Ksp = 13.93 is (compared to Robie et al. 
(1978)) much closer to the other values, but the reasons for switching So are not clear. 
Because all of the log Ksp values derived and listed in Table 3.4 are based on rather extensive 
data evaluations, they were averaged without assigning different weights to single values, and 
finally a mean log Ksp = 14.15 ± 0.74 (the error representing 2) was determined. 
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3.5 Mineral analysis 
The experiments were performed with Norflot Kali 600 orthoclase from Sibelco (Germany) 
and muscovite from Normag GmbH (Germany) without further treatment. The orthoclase 
originates from Norway and the muscovite is mined in China. For the sorption experiments 
the minerals were sieved to a grain size of 63-200 µm, whereas for spectroscopic 
investigations the grain size was sieved to < 63 µm in order to increase the sorbed amount, 
and thus the intensity of the signal. Except for approximate compound concentrations and 
grain size distribution, no further information is available. A trade secret covers information 
regarding mining procedures including potential washing or other pre-conditioning 
procedures of the muscovite. 
Minerals have been analyzed to offer insight to and better understand their geochemical 
properties that are necessary for a correct data interpretation and to develop realistic surface 
complexation models (SCM). The following techniques have been applied for mineral 
characterization: 
 Multi-point N2-BET surface area of the minerals (Brunauer-Emmett-Teller theory) was 
determined using a surface area and pore size analyzer (mod. Coulter SA 3100, Beckman 
Coulter, Fullerton, USA). 
 Zeta potential measurements of mineral suspensions (0.1 g mineral/1 L of 0.01 M NaClO4) 
were performed with laser Doppler velocimetry using a Zetasizer Nano ZS (Malvern 
Instruments, Malvern, U.K.) with disposable capillary cells. Measurements were repeated 
tenfold at a temperature of 25 ± 0.1°C. 
 Grain size analyses were based on laser diffraction (diffraction spectrometer Helos H0735, 
Sympatec, wet dispersion QUIXEL). The mineral samples were prepared into 2 mm 
cuvettes and a pump capacity of 30 % was used. Before the measurements the samples 
were treated ultrasonically. 
 Scanning electron microscopy (SEM) (Hitachi S-4800) and X-ray diffraction (XRD) (D8 
Advance, Bruker-AXS) analyses.  
 The main components of the mineral were determined by ICP-MS and AAS after digestion 
of the mineral samples with HNO3 (p.a. Merck, Darmstadt, Germany; distilled by sub-
boiling), HCl (suprapur, Merck) and HF (suprapur, Merck) in a microwave oven (mod. 
Multiwave, Anton Paar, Perkin Elmer).  
 To investigate the leaching of the minerals batch and flow-through experiments were 
performed to see the difference of the dissolution behavior in accumulation (batch) and in 
presence of fresh solution where no accumulation takes place (flow-through). Both 
processes can be observed in nature.  
o Batch experiments were performed with 20 g of the mineral suspended in 400 mL 
0.01 M NaClO4 (equals a solid-to-liquid ratio of 1/20) in a 500 mL polypropylene 
bottle. The samples were prepared as duplicates at pH 7 and stored in an overhead 
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shaker for three months. Once a week a sample of 3 mL of the solution were taken, 
centrifuged at 4000×g for 30 minutes (Sigma 3K18, Laboratory Centrifuges) and the 
supernatant was analyzed by ICP-MS and AAS for Si, Al, K, Mg, Ca, Fe, Ni, Sr, Ba, 
Nd, Eu, Gd, Dy and U. 
o Flow-through experiments were performed at pH 7 (muscovite) and pH 6 (orthoclase) in 
0.01 M NaClO4. In the reactor 0.5 g of the mineral was flown through by a fresh 0.01 M 
NaClO4 solution continuously and mixed with a stirrer. At different time steps samples 
of the output solution were taken for analysis. Temperature, pH, and conductivity were 
measured continuously. The setup for the experiment is shown in Fig. 3.1. 
 
Fig. 3.1 Setup of the flow-through experiment. 
In addition to the experiments investigating the influence of microbes present with the 
minerals, quartz G20EA from SCHLINGMEIER QUARTZSAND GmbH & CO. KG 
(Schwülper, Germany) was also used. Samples with a grain size of 180-900 µm and a SSA of 
0.073±0.002 m2 g–1 (measured with BET) were used without any further treatment. 
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3.6 Analysis of aqueous solutions and suspensions 
Measurement of pH values 
Laboratory pH-Meter inoLab 7110 (WTW, Weilheim, Germany) with SenTix MIC electrodes 
(WTW, Weilheim, Germany) were used to determine the pH of the samples. Calibration was 
performed with standard buffers (WTW, Weilheim, Germany). For measuring the samples at 
high ionic strength the electrode filling solution (KCl) was replaced by 3 M NaCl. 
Phase separation 
To optimize the centrifugation conditions (acceleration and time) used for further 
experiments, an experiment with samples of SLR 1/20 g mL–1, 10–5 M U(VI), 0.01 M 
NaClO4, pH 7, and different acceleration of centrifugation was performed. Samples were 
centrifuged each for 1 h and afterwards the supernatant was investigated by dynamic light 
scattering using a Zetasizer Nano ZS (Malvern Instruments, Malvern, U.K.). 
Table 3.5 Scattered light intensity (kcps) after 1 h of centrifugation at different accelerations. 
Centrifugation (× g) mineral PCS (kcps) comment 
4000 orthoclase 222  
 muscovite 111  
6800 orthoclase 154 no refilling in centrifuge 
 muscovite 194 tubes necessary 
20442 orthoclase 110  
 muscovite 277  
26500 orthoclase 64  
 muscovite 107  
7500 orthoclase 448  
 muscovite 3883 unexpected error 
After centrifugation a sharp separation between mineral and supernatant was observed. Higher 
centrifugation accelerations decreased the amount of particles/colloids in the supernatant, 
which was correlated to the signal (kcps) measured with dynamic light scattering. In 
comparison to the values of pure water (i.e., 60 to 80 kcps) the obtained values for orthoclase 
and muscovite suggested that only a few particles remain in the supernatant. An increase of 
the centrifugation acceleration did not significantly decrease the signal for orthoclase, and for 
muscovite in some cases even leads to an increase in measured particles. Thus, for the 
experiments a centrifugation acceleration of 6800 × g was selected, because this is the highest 
value at which the samples can be centrifuged without requiring special centrifugation tubes. 
This centrifugation method could not be used in all the experiments, and if so the acceleration 
and centrifuge is extra mentioned. 
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Analysis of uranium, neptunium, and neodymium concentration 
To determine the concentrations of dissolved U(VI) and Nd(III) ICP-MS was applied (ELAN 
9000, Perkin Elmer). Theses samples were acidified with a hundredth volume unit of 
concentrated high purity HNO3. For Np(V) analysis 1 mL of the sample was mixed with 
10 mL of Ultima Gold (Perkin Elmer) and measured by LSC (Tri-Carb 3100TR, Perkin 
Elmer). 
To quantify the precision of collected ICP-MS data, respective long-term (over three months) 
experiments were performed for U and Nd. For each element samples with four different 
concentrations (10–5 M, 10–6 M, 10–7 M, and 10–8 M, 500 mL each in PP bottles) were 
prepared in 2% HNO3 to avoid wall sorption. Once a week, the concentration of each sample 
was measured with ICP-MS. The variation of measured uranium content as function of time is 
shown in Fig. A 1 in the Appendix. These variations are in all cases smaller than 10%. Thus, 
the measurement of uranium with ICP-MS yields quality data, and the results of the 
experiments can be considered reliable. Arnold et al. (2001) reported an experimental error for 
their ICP-MS analysis to be 5% for uranium concentrations of 10–5 mol L–1 and 7.5% for 
10-6 mol L–1. This is in accordance to the precision experiments described above. The ICP-MS 
measurement of Nd shows the same accuracy as for U and can be seen in Fig. A 2 in the 
Appendix. For LSC measurements of Np(V) an error of 5% is derived from the 2σ error of the 
measurements. 
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3.7 Methods for characterization of microorganisms associated with 
minerals 
Different methods for the characterization of microorganisms associated with the minerals are 
described in the following. 
3.7.1 Optical density and microscopy 
To stimulate bacterial growth 0.2 g of quartz, orthoclase, and muscovite were transferred into 
15 mL tubes and incubated in 10 mL of two different culture media: standard NB (SIFIN 
GmbH, Berlin, 5 g/L meat peptone, 5 g/L meat extract, pH 7) and R2A medium (0.5 g/L yeast 
extract, 0.5 g/L bactoTM peptone, 0.5 g/L bactoTM casitone, 0.5 g/L glucose, 0.5 g/L soluble 
starch, 0.3 g/L K2HPO4, 0.05 g/L MgSO4*7 H2O, 0.3 g/L sodium pyruvate, pH 7.2) as well as 
in 0.01 M NaClO4 as control. 
The measurement of the optical density at 600 nm (OD600) over time allowed monitoring of 
the growth of microorganisms, and was performed with a UV/Visible spectrophotometer 
(Ultrospe 1000, Pharmacia Biotech). For measurements, the samples were shaken, and 
following sedimentation for 30 s 1 mL of the supernatant was transferred to a cuvette. The 
OD600 was measured directly after adding the culture media to the mineral, after three weeks 
of incubation, and once more after three months. In the meantime the samples with culture 
media were shaken at 30°C to promote the growth of microorganisms. Control samples 
containing 0.01 M NaClO4 were shaken at room temperature to simulate conditions similar to 
batch experiments. Samples containing culture media and no mineral were set as references. 
Additionally, optical microscopy was used to visualize the microbial cultures present on the 
minerals. Therefore, after a live-dead staining with LIVE/DEAD® Bac Light
TM
 Bacterial 
Viability Kit L7012, Molecular Probes was used on the minerals incubated for three days in 
autoclaved ultrapure water, and optical microscopy (Olympus BX61) with an excitation filter 
U-MSWB2 (420-480 nm) and U-MSWG2 (480-550 nm) was performed. 
3.7.2 Extraction of DNA and amplification 
Determined by the mineral density, weighted amounts of quartz and orthoclase (10 g each) 
and muscovite (3.2 g) were added to 20 mL autoclaved Milli-Q water in 50 mL tubes 
(Greiner), and incubated at room temperature in an overhead shaker for 6 days. Afterwards, 
the liquid was filtered through a 0.22 µm nitrocellulose filter membrane. The filer was further 
used for DNA extraction using a PowerWater DNA isolation Kit from Mobio (Dianova) 
according to the manufactures instructions. DNA was extracted both from the filters as well as 
from 1 to 2 g of the remaining minerals. 
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Ribosomal RNA intergenic spacer analysis (RISA) was performed to get a profile of the 
bacterial community, using the 16S969f and 23S130r primers (Lane 1991).  
primer sequence 
16S969f 5'-ACG CGA AGA ACCTTA C-3' 
23S130r 5'-GGG TTN CCC CAT TCG G-3' 
7F 5´-AGAGTTTGATCNTGGCTCAG-3´ 
1513R 5´- TACGGYTACCTTGTTACGACTT-3´ 
The polymerase chain reaction (PCR) reaction mixture (total volume 20 µL) contained 2 µL 
of DNA along with the same amount of reagents as described for the 16S rRNA amplification. 
Amplification was performed in the T3 thermocycler from Biometra (Göttingen, Germany) by 
using the following conditions: 
RISA PCR program 95°C 6 min 
 5 cycles:        95°C 60 s 
                       57°C 40 s 
                       72°C 90 s 
 30 cycles:      95°C 60 s 
                       55°C 60 s 
                       72°C 2 min 
 72°C 10 min 
The amplification products were separated in 2% agarose gels in a 1× TAE buffer, and 
visualized by staining with Midori Green Direct (Biozym) and UV illumination (Biometra 
Geldoc System, Göttingen, Germany). 
16S rRNA gene fragments from the extracted DNA were amplified by PCR using GoTaq® 
Flexi DNA Polymerase (Promega) with the corresponding 5X Colorless GoTaq® Flexi buffer 
(Promega, Madison, WI, USA) along with the primer pair 7F, and 1513R (Lane 1991). The 
PCR reaction mixture (total volume was 20 µL) contained 0.4 µM each of the forward and 
reverse primer, 125 µM each of the four deoxynucleoside triphosphates, 2.5 mM MgCl2, and 
1 unit of the polymerase.  
Amplification was performed in the T3 thermocycler from Biometra (Göttingen, Germany) by 
using the following temperature profile: 
16S rRNA gene  95°C 3 min 
PCR program 30 cycles:          94°C 60 s 
                           59 to 55°C* 40 s 
                72°C 90 s 
* annealing temperature was lowered within the first five cycles from 
59 to 55°C (“touch down” PCR) 
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3.7.3 Construction of clone libraries, restriction fragment length polymorphisms, 
and phylogenetic analysis 
16S rRNA gene PCR products of the correct size were cloned using TOPO® TA Cloning® 
Kit for sequencing with plasmid vector pCR™4-TOPO® and transformed in One Shot® 
TOP10 competent cells (Life technologies) according to the manufacturer’s instructions. 
Plasmid inserts of approximately 100 clones were directly amplified from the transformed 
cells by PCR with plasmid-specific primers M13(-40) and M13rev (Invitrogen). The PCR 
amplification protocol was the same as previously described. Restriction fragment length 
polymorphism (RFLP) patterns of cloned 16S rRNA gene fragments were obtained by 
digestion of the PCR products with the Fastdigest restriction enzyme MspI (Fermentas). The 
digested fragments were then separated by agarose (2%) gel electrophoresis. RFLP patterns 
were grouped visually, and representative clones were chosen for sequencing. 
Partial 16S rRNA gene sequences from each PCR product were obtained by two parallel 
sequencing reactions using the primers 16S-7F and 16S-1513R by using the sequencing 
facility GATC Biotech. The sequences were aligned using MEGA version 6 (Tamura et al. 
2013) and compared with the GenBank data using BLAST analysis (Basic Local Alignment 
Search Tool (Zhang et al. 2000)). 
The possibility of chimera formation by 16S rRNA gene sequences was checked by 
submitting sequences and their closest phylogenetic relative to the pintail program 
(www.cardiff.ac.uk/biosi/research/biosoft). Possible chimeras were excluded from the 
phylogenetic analyses. Phylogenetic affiliation was estimated by using BLAST and the 
CLASSIFIER function in RDP (Maidak et al. 2000). Phylogenetic and molecular evolutionary 
analyses were conducted using MEGA version 6 (Tamura et al. 2013). The sequences were 
manually aligned to related sequences obtained from GenBank by using CLUSTALW and 
phylogenetic tree was generated using the neighbor-joining algorithm and bootstrapped (500 
trial replicates). The 16S rRNA gene sequences are further listed in Table A 1 to A 3 in the 
Appendix. 
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4. Results and Discussion 
Results and discussion of batch sorption experiments, spectroscopic investigations, and 
surface complexation modeling are described into detail in the following sections. 
4.1 Characterization of orthoclase and muscovite 
The specific surface area (SSA) of the pristine minerals with a grain size fraction of 63-
200 µm was identified to be 0.66 ± 0.01 m2 g–1 for muscovite and 0.083 ± 0.003 m2 g–1 for 
orthoclase. Furthermore, the grain size fractions of < 63 µm yielded SSA of 0.25 ± 0.01 m2 g-1 
for orthoclase and 1.8 ± 0.06 m2 g–1 for muscovite. In addition, changes of SSA as a function 
of pH were investigated upon completion of the experiments after equilibrating for three 
months in 0.01 M NaClO4, were investigated (see Table 4.1) depending on the pH. In general, 
an increase of the SSA can be observed at all pH values, although greater increases were 
observed at lower pH values. This increase is due to an activation of the mineral surface by 
the equilibrating solution and the addition of acid and base for pH adjustments. Thus, samples 
where a higher amount of acid was necessary (mainly pH 5) show a larger shift of the SSA. 
Table 4.1 SSA of muscovite and orthoclase determined with N2-BET after batch experiments at 
different pH values (grain size of 63-200 µm). 
pH SSA muscovite [m2 g–1] SSA orthoclase [m2 g–1] 
5 0.755 ± 0.001 0.097 ± 0.003 
6 0.748 ± 0.0 0.093 ± 0.002 
7 0.725 ± 0.003 0.085 ± 0.003 
8 0.727 ± 0.006 0.082 ± 0.004 
Grain size analyses of orthoclase were performed after ultrasonic treatment for 3 min for 
sample dispersion, because longer times of ultrasonic treatment showed no effect on the 
mineral. The gained cumulative grain size distribution is shown in Fig. 4.1. The investigated 
sauter mean diameter (SMD) of this sample is 77.52 µm. It describes a mean of the volume 
per surface area. The estimated surface area is 0.08 m2 cm–3, corresponding to 0.03 m² g–1. 
The cumulative grain size distribution revealed that 50% of the grains are smaller than 
156 µm. 
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Fig. 4.1  Cumulative grain size distribution (Q3 [%]) of orthoclase. 
Laser diffraction measurements of muscovite (Fig. 4.2) showed that sample treatment with 
ultrasound changes grain size distribution. In general, most particles range between 30 to 
200 µm. An extended use of ultrasound increased the amount of smaller particles due to 
crushing because of the vibration. 
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Fig. 4.2  Cumulative grain size distribution (Q3 [%]) of muscovite after different times of 
treatment with ultrasound. 
The reduction of the grain size by ultrasonic sound is also reflected in the SMD, surface area 
and the grain size at which 50% of the grains were smaller/bigger (X50). An overview of these 
values is given in Table 4.2. With increasing time of ultrasonic treatment to the muscovite the 
SMD decreased. This means that through the ultrasonic sound the mean volume of the 
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particles decreased, and thus can be interpreted as a decrease of the grain size. With the 
decrease of the grain size, the surface area increased from 0.07 to 0.18 m2 cm–3 after 15 min, 
corresponding to 0.025 to 0.06 m2 g–1.  
Table 4.2 Grain size parameters for muscovite at different times after ultrasonic sound. 
Time for ultrasonic 
sound [min] 
SMD [µm] Surface area [m² cm–³] X50 [µm] 
0 89.74 0.07 135.12 
1 72.17 0.08 124.45 
2 63.43 0.09 115.43 
3 58.62 0.10 108.55 
4 54.84 0.11 103.07 
5 51.39 0.12 97.61 
10 40.72 0.15 78.30 
15 33.15 0.18 63.54 
Fig. 4.3 shows SEM images of orthoclase and muscovite. A flaky appearance of muscovite 
can be observed as it is typical for mica minerals with nearly no surface roughening. 
Orthoclase as feldspar showed a rougher surface. SEM images indicated no formation of 
secondary minerals. The XRD powder pattern of the mineral was fit with a mica/feldspar 
reference spectrum suggesting the composition to be a typical mica, respectively, feldspar 
mineral (cf. Fig. A 3 and Fig. A 4 in the Appendix). HF digestion and leaching experiments 
yielded the elemental composition of the minerals. Leaching experiments offered information 
about the dissolution behavior of the minerals and about potential free competing ions in 
solution that may influencing the geochemical conditions of the experiments. 
  
Fig. 4.3 SEM image of orthoclase (left) and muscovite (right). 
Table 4.3 gives the main composition of the minerals. Additionally, uranium contents of 
3.2 mg kg–1 (orthoclase) and 0.26 mg kg–1 (muscovite) were determined by ICP-MS. 
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Table 4.3  Composition of orthoclase and muscovite determined by ICP-MS (error: ± 10%) and 
AAS (error: ± 2%) after complete digestion (major component only). 
Compound Method Orthoclase Muscovite 
  wt.% wt.% 
Si ICP-MS 29.10 ± 2.91 18.55 ± 1.86 
Al ICP-MS 9.07 ± 0.91 12.30 ± 1.23 
K AAS 8.58 ± 0.17 7.13 ± 0.14 
Fe ICP-MS 0.05 ± 0.01 3.13 ± 0.31 
Na AAS 2.62 ± 0.05 0.29 ± 0.01 
Ca AAS 0.86 ± 0.02 0.47 ± 0.01 
Dissolution behavior of both minerals was studied by leaching experiments. For both 
minerals, various dissolution reactions are proposed in the literature. The analyzed elemental 
concentrations from the leaching experiments as well as the pH adjustments were used to 
decide which proposed dissolution scheme most probably happened. There, however, the 
results from the flow-through experiments were not taken into account as they are heavily 
dominated by kinetic effects. Various dissolution reactions for orthoclase for the conditions 
applied in this study, i.e., a pH range from 3 to 10, ambient atmosphere, and temperature have 
been discussed in the literature and are summarized in Table 4.4, with reformulation to have 
uniformly only one mole orthoclase. 
Table 4.4 Dissolution reactions for orthoclase. 
Dissolution reaction Source  
4 KAlSi3O8 + 4 H2O  Al4(OH)8Si4O10 + 2 K2O + 8 SiO2 
KAlSi3O8 + 0.5 H2O + H+  K+ + 0.5 Al2Si2O5(OH)4 + 2 SiO2 
Formation of secondary phases (kaolinite & quartz), only K enters 
solution, pH increases. 
(Markl 2008) 
(Okrusch et al. 
2005) 
acidic 
conditions 
3 KAlSi3O + 2 H+ KAl3Si3O10(OH)2 + 2 K+ + 6 SiO2(aq) 
KAlSi3O + 2/3 H+ 1/3 KAl3Si3O10(OH)2 + 2/3 K+ + 2 SiO2(aq) 
Formation of a secondary phase (muscovite), K and Si enter solution 
with a ratio of 1:3, pH increases. 
(Fu et al. 
2009), (Markl 
2008) 
pH 3.1 
200°C 
300 bar 
KAlSi3O8 + H+  K+ + AlO(OH) + 3 SiO2(aq) 
Formation of a secondary phase (boehmite), K and Si enter solution 
with a ratio of 1:3, pH increases. 
(Fu et al. 
2009) 
pH 3.1 
200°C 
300 bar 
KAlSi3O8 + H2CO3 + 7 H2O  Al(OH)3 + K++ HCO3- + 3 H4SiO4 
KAlSi3O8 + H+ + 7 H2O  K+ + Al(OH)3 + 3 H4SiO4 
Formation of a secondary phase (gibbsite), K and Si enter solution with 
a ratio of 1:3, pH increases. 
(Markl 2008) carbonate 
present 
 
The dissolution reactions for muscovite discussed in the literature are summarized in Table 
4.5, reformulated to have uniformly only one mole muscovite. 
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Table 4.5 Dissolution reactions for muscovite. 
Dissolution reaction Source Conditions 
2 KAl3Si3O10(OH)2 + 2 H+ + 3 H2O  2 K+ + 3 Al2Si2O5(OH)4  
KAl3Si3O10(OH)2 + H+ + 1.5 H2O  K+ + 1.5 Al2Si2O5(OH)4 
Formation of a secondary phase (kaolinite), only K enters solution, 
pH increases. 
(Markl 2008) n.d. 
KAl3Si3O10(OH)2 + H+ + 9 H2O  K+ + 3 Al(OH)3 + 3 H4SiO4 
Formation of a secondary phase (gibbsite), K and Si enter solution 
with a ratio of 1:3, pH increases. 
(Markl 2008) n.d. 
KAl3Si3O10(OH)2 + 10 H+  K+ + 3 Al3+ + 3 SiO2(aq) + 6 H2O 
No secondary phase formation, K & Al & Si enter solution with a 
ratio of 1:3:3, pH increases strongly. 
(Oelkers et al. 
2008) 
@ 60-201°C; 
pH 1 - 10.3 
Leaching experiments give a hint to the dissolution behavior of minerals. Thus leaching 
experiments for orthoclase and muscovite were performed as described in Richter et al. 
(2015). The leached elements with their corresponding concentrations are given in Table 4.6 
for the last measurement of the batch and flow-through experiments. Exemplarily Fig. 4.4 
shows the dissolution of Si from orthoclase and muscovite over time in batch and flow-
through experiment, which indicates that even after three months the dissolution has not 
reached yet a steady state. 
Table 4.6 Measured elemental concentrations (µmol L–1) after the leaching experiments of 
orthoclase and muscovite (by ICP-MS if not specified otherwise). 
 
Orthoclase Muscovite  
 
Batch (after 
91 days) 
Flow-through 
(after 101 
hours) 
Batch (after 
91 days) 
Flow-through 
(after 178 hours) 
Detection limit 
*Mg 20.5 ± 0.4 0.51 ± 0.01 38.2 ± 0.8 0.58 ± 0.01 0.0041 
Al 2.2 ± 0.2 0.84 ± 0.08 4.91 ± 0.5 0.22 ± 0.02 0.037 
Si 340 ± 30 6.8 ± 0.7 233 ± 20 4.3 ± 0.4 0.36 
*K 118  ± 2 114 ± 2 269 ± 5 18.1 ± 0.4 0.26 
*Ca 79 ± 2 2.7 ± 0.06 76 ± 2 n. d. 0.24 
Ni 0.021 ± < 0.01 n. d. 0.022 ± < 0.01 n. d. 0.0017 
*Sr 0.24 ± 0.02 0.0067 ± < 0.01 0.077 ± < 0.01 0.0028 ± < 0.01 0.0011 
*Ba 0.19 ± 0.02 0.013 ± < 0.01 0.04 ± < 0.01 0.0087 ± < 0.01 0.00073 
U 0.014 ± < 0.01 0.0028 ± < 0.01 n. d. 0.0067 ± < 0.01 0.000042 
Fe n. d. 0.18  
 
0.18 
n. d. not detectable   
 
 
* AAS  
In addition, the concentrations of four representative lanthanides (Eu, Gd, Nd, and Dy) were 
measured. The Nd and Dy contents were below the detection limit of 6.93 × 10–5 and 
6.15 × 10–5 µmol L–1, respectively. Furthermore, Gd as well as Eu were detected in such low 
concentrations (below 6.36 × 10–5 and 6.58 × 10–5 µmol L–1, respectively) that no effect onto 
the sorption of U(VI) is expected. 
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Fig. 4.4 Dissolution of Si from orthoclase (left) and muscovite (right) obtained in flow-through 
experiments (shown as black squares) and in batch experiments (shown as red 
triangles). 
For orthoclase, the molar ratio of K : Al : Si obtained after the batch dissolution experiment 
was 118 : 2.2 : 340, which equals 1 : 0.02 : 2.88. Moreover, an increase of pH by 1.0 pH unit 
during the equilibration times was observed. Consequently, the first dissolution reaction as 
proposed by Okrusch et al. (2005) can be ruled out (see Table 4.4). In fact, the leaching-based 
analyses indicated a saturation index close to 1 for quartz and amorphous Al(OH)3. All other 
solids assumed to be products of orthoclase dissolution were strongly supersaturated and 
probably did not form. Thus, the following dissolution reaction is proposed for orthoclase: 
KAlSi3O8 + H
+ + H2O  K+ + Al(OH)3(am) + 3 SiO2 Eq. 18 
The molar ratio of K : Al : Si obtained after the batch dissolution experiment with muscovite, 
was 269 : 4.91 : 233, which equals 1 : 0.02 : 0.87. Furthermore, the pH increased by 1.8 pH 
units during the equilibration times. An indication that the solution had reached equilibrium in 
contact with amorphous quartz and gibbsite phases was given by geochemical speciation 
calculations based on the leachate analyses (as for orthoclase). Thus, the following dissolution 
reaction best describes this: 
KAl3Si3O10(OH)2 + H
+ + 3 H2O  K+ + 3 Al(OH)3(am) + 3 SiO2 Eq. 19 
When an incongruent dissolution for the two minerals with the formation of amorphous silica 
gel and gibbsite phases is assumed, the theoretically derived equilibrium concentrations for K+ 
and Al3+ coincide within less than one order of magnitude with the experimental findings 
from the batch leaching experiments (cf Table 4.7 with Table 4.6). This is expected, because 
the steady-state of dissolution (see above) was not reached yet. Moreover, from Table 4.7 it 
can be seen that the analytical Si concentrations were between the values corresponding to 
 57 
 
pure crystalline quartz (log Ksp taken from Helgeson et al. (1978)) and the one obtained by 
assuming an amorphous phase as used by Lindsay et al. (1996). 
Table 4.7 Elemental concentration (µmol L–1) after complete or incongruent (formation of SiO2 
and amorphous gibbsite) dissolution of orthoclase and muscovite in 0.01 mol L–1 
NaClO4 calculated with PhreeqC. 
 Orthoclase Muscovite 
 
complete 
dissolution 
with secondary 
phase formation 
complete 
dissolution 
with secondary 
phase formation 
Al 14.16 0.74 2.22 0.54 
K 14.16 22 0.74 35 
Si 42.48 100 – 1936* 2.22 100 – 1935a 
pH 7.17 6.92 6.96 6.72 
* the lower value corresponds to crystalline quartz, the higher one to amorphous silica gel 
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4.2 Sorption of U(VI) onto orthoclase and muscovite 
At first the sorption of U(VI) on both minerals will be considered in detail, because it was 
used as the basis for the following experiments with Np(V) and Nd(III). The main part of this 
work is also described in detail in Richter et al. (2015). 
4.2.1 Pretests 
To select the conditions at which the sorption experiment will be performed, some pretests 
have been performed. Namely, the sorption time was selected from kinetic experiment data, 
and the SLR of the experiments was also varied to find an optimal value. In addition, the zeta 
potential of the minerals and their change by U(VI) sorption was investigated. 
Solid-to-liquid ratio (SLR) 
As sorption depends on the amount of mineral, and thus the number of potential binding sites 
available, prior experiments were performed to select the SLRs for the following experiments. 
For these experiments, samples of orthoclase and muscovite with different SLRs were 
prepared, and U(VI) was sorbed for one week. Afterwards, the samples were centrifuged and 
the supernatant analyzed by ICP-MS. The obtained results are given in Fig. 4.5. 
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Fig. 4.5 SLR (g mL–1) dependence of the sorption onto orthoclase and muscovite (pH 6; 
0.01 M NaClO4; initial U(VI) concentration of 10
–6 M; 1 week of sorption). 
Errors resulting from triplicate measurements. 
From these results values for SLR of 1/20 and 1/80 g mL–1 were selected for all further 
experiments, because they represent one SLR with a relatively high amount of U(VI) sorbed 
(1/20 g mL–1) and one with less sorption of only around 50%.  
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Kinetic experiment 
To optimize the sorption time for the batch experiments scoping experiments, were performed 
for both orthoclase and muscovite. Samples with SLRs of 1/20 and 1/80 g mL–1 of the 
minerals in 0.01 M NaClO4 were prepared, and the pH was adjusted to 6.5 before U(VI) was 
added (final U(VI) concentration of 10–6 M). After different times (6; 24; 72; 168 h) the 
samples (twofold measurements) were centrifuged and the U(VI) concentration in the aqueous 
phase was analyzed with ICP-MS. The results for both solid-to-liquid ratios are shown in Fig. 
4.6. 
0 20 40 60 80 100 120 140 160 180
0
10
20
30
40
50
60
70
80
90
100
0 20 40 60 80 100 120 140 160 180
0
10
20
30
40
50
60
70
80
90
100
U
(V
I)
 s
o
rb
e
d
 (
%
)
 
 
 1/20
 1/80
U
(V
I)
 s
o
rb
e
d
 (
%
)
time of sorption [h]
Orthoclase
 
 
time of sorption [h]
Muscovite
 
Fig. 4.6 U(VI) sorption onto orthoclase (left) and muscovite (right) at different time steps 
(SLR of 1/20 and 1/80 g mL–1; 10–6 M U(VI), pH 6.5). 
After three days, uranium sorption onto muscovite and orthoclase showed slight increases for 
both investigated SLRs. After one week, no significant increase was detectable anymore. 
Therefore, all U(VI) batch sorption experiments were done with a sorption time of one week 
(7 days). 
Zeta potential measurements 
The zeta potentials of orthoclase and muscovite were measured in the presence and absence of 
10–5 M U(VI). From the results an isoelectric point (IEP) of approximately 3.5 for orthoclase 
and 2.4 for muscovite can be assumed. For both minerals the surface charge is negative over 
the studied pH range (see Fig. 4.7). U(VI) sorption onto the minerals leads to a shift of the 
zeta potential to less negative, or in some cases even to positive values. The highest shift was 
observed in the pH range of 6 to 7 according to the highest amount of U(VI) sorption 
expected at these values. 
 60 
 
3 4 5 6 7 8
-50
-40
-30
-20
-10
0
10
2 3 4 5 6 7 8
-50
-40
-30
-20
-10
0
10
Z
e
ta
 p
o
te
n
ti
a
l 
(m
V
)
pH
 
 
 with U(VI)     
 without U(VI)
Z
e
ta
 p
o
te
n
ti
a
l 
(m
V
)
pH
 
 
Fig. 4.7  Zeta potential of orthoclase (left) and muscovite (right) in 0.01 M NaClO4 with and 
without 10–5 M U(VI) yielding an IEP ~ 3.5 for orthoclase and ~ 2.4 for muscovite. 
4.2.2 Sorption according to pH, SLR, concentration, and ionic strength 
Influence of U(VI) concentration, pH, and SLR on the sorption 
The pH dependent sorption of U(VI) onto both orthoclase and muscovite yielded typical 
sorption trends with a maximum sorption in the circumneutral pH range (see Fig. 4.8 and Fig. 
4.9). This behavior can be explained by the formation of carbonate complexes at higher pH 
values, which due to their dominantly negative charge do not bind to negatively charged 
mineral surface. At lower pH values the uncomplexed uranyl(VI) cation dominates the 
speciation in solution. Fig. 2.1 shows that sorption mostly concerns the positively charged 
hydroxide complexes present at circumneutral pH values. In fact, positively charged species 
will show a higher tendency to sorb on the minerals with negatively charged surfaces. This is 
in accordance to the results that showed dominant sorption in pH ranges where the positive 
charged uranium-hydroxide complexes form in solution. Compared to further studies as 
described in section 2.4, the U(VI) sorption on orthoclase and muscovite provide similar 
results. 
As expected, decreasing SLR from 1/20 to 1/80 g mL–1 reduced the sorption slightly due to 
the shortage of available binding sites on the mineral surfaces. Different initial concentrations 
of U(VI) resulted in changes in the amount of U(VI) sorbed on the minerals due to increasing 
competition of the aqueous U(VI) species for the same amount of sites at the mineral surface. 
In general, the relative sorption was higher at lower U(VI) concentrations. Thus, for 
orthoclase the sorption maximum was around 85% at 10–6 mol L–1 U(VI) and around 70% at 
10–5 mol L–1 U(VI). For muscovite, the sorption reached around 90% and 85% at a U(VI) 
concentration of 10–6 mol L–1 and 10–5 mol L–1, respectively for a SLR of 1/20 g mL–1. So it 
can be seen that muscovite possesses a slightly higher sorption capacity than orthoclase. 
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Fig. 4.8 Sorption onto orthoclase at 10–6 M U(VI) (left) and 10–5 mol L–1 U(VI) (right) at SLRs 
of 1/20 g mL–1 and 1/80 g mL–1. 
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Fig. 4.9 Sorption onto muscovite at 10–6 mol L–1 U(VI) (left) and 10–5 mol L–1 U(VI) (right) at 
SLRs of 1/20 g mL–1 and 1/80 g mL–1. 
Ionic strength effects on U(VI) sorption 
To investigate the influence of the ionic strength on the U(VI) sorption, batch experiments in 
1 M NaClO4 (SLR 1/20 g mL
–1, 10–6 mol L–1 U(VI)) were performed and compared to the 
results for 0.01 M NaClO4 (see Fig. 4.10 and Fig. 4.11). In these figures pH values for 1 M 
NaClO4 were corrected as described in section 3.1. A shift of the sorption curve at higher 
ionic strength to lower pH values can be observed. This indicates an influence of the 
adsorption by electrostatic forces, and thus no or only a weak bonding of U(VI) to surface 
hydroxyl groups of orthoclase and muscovite. This indicates that the sorption takes place as 
an outer-sphere complex (Davis et al. 1990). 
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Fig. 4.10 Sorption onto orthoclase at different ionic strength, SLR 1/20 g mL–1 and 10–6 mol L–1 
U(VI). 
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Fig. 4.11 Sorption onto muscovite at different ionic strength, SLR 1/20 g mL–1 and 10–6 mol L–1 
U(VI). 
4.2.3 Influence of natural occurring microorganisms on the sorption of U(VI) 
The influence of microorganisms attached to orthoclase and muscovite is described in the 
following. Microorganisms (i.e., bacteria, archea, fungi, etc.) are ubiquitous in nature and are 
also present at actinide-contaminated sites (Krawczyk-Bärsch et al. 2011). They are often 
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attached in large communities (so called biofilms) to mineral surfaces linked by extracellular 
polymeric substances (Alakomi et al. 2006). Single individual bacteria as well as biofilms can 
impact the actinide speciation in many different ways (Newsome et al. 2014). At neutral pH 
bacterial cell walls are typically negatively charged leading to a high affinity for metal cations 
like actinides. This can result in an accumulation and transformation of actinides into different 
species. For example, reducing conditions of cell surface regions can lead to reduced forms of 
redox-sensitive actinides (Grossmann et al. 2007). In contrast, some bacteria can oxidize 
actinides, and thus produce more soluble species. Consequently, the interaction of actinides 
with microorganisms in the form of bioreduction, biosorption, biomineralization, 
bioaccumulation, or biotransformation can cause mobilization as well as immobilization 
(Maher et al. 2013, Newsome et al. 2014).  
Sorption experiments were performed with commercially available natural minerals. Thus, the 
question arose if there are microorganisms associated with the minerals, and if so, how they 
affect the sorption process. Consequently, different experiments have been performed that 
shall provide some insight into such microbial effects. 
Forced microorganism growth 
The microbial growth behavior was measured by OD measurement at 600 nm. The difference 
after three weeks and after three months for the mineral suspensions in both, culture media 
and in 0.01 NaClO4, is shown in Table 4.8. For all minerals an increase in OD with time was 
observed. These results indicate that both nutrient conditions favored the growth of 
microorganisms attached to the mineral samples. Not surprisingly the samples in 0.01 M 
NaClO4 showed a much smaller increase than the samples in culture media. Additionally, 
there may even be a contribution to the observed OD increase by abiotic effects, e.g., through 
the presence of small (colloidal) mineral particles. For orthoclase the increase in OD is lower 
than for quartz or muscovite. Probably, the microorganisms on orthoclase are less cultivable 
at these conditions than on the other minerals. Both culture media deliver different nutrients, 
thus promoting the growth of different microbial species. This may explain the differences 
between the OD values for the same mineral in both culture media. 
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Table 4.8 Optical Density OD600 of quartz, orthoclase and muscovite samples in a NB and R2A 
culture medium as well as in 0.01 M NaClO4.  
mineral medium ∆OD*(3 weeks) ∆OD**(3 month) 
 
NB 0.68 ± 0.13 0.59 ± 0.20 
quartz R2A 0.41 ± 0.24 0.47 ± 0.10 
 
0.01 M NaClO4 0.01 ± 0.01 0.00 ± 0.01 
 
NB 0.12 ± 0.13 0.74 ± 0.55 
orthoclase R2A 0.36 ± 0.25 0.42 ± 0.17 
 
0.01 M NaClO4 0.05 ± 0.01 0.03 ± 0.01 
 
NB 0.43 ± 0.16 0.67 ± 0.25 
muscovite R2A 0.76 ± 0.26 0.66 ± 0.19 
 
0.01 M NaClO4 0.22 ± 0.06 0.10 ± 0.16 
* OD (t = 3 weeks) – OD (t = 0) 
** OD (t = 3 months) – OD (t = 0) 
Electron and optical microscopy 
Some samples were autoclaved to sterilize them. SEM images (Hitachi S-4800) were taken of 
the mineral samples before and after autoclaving in order to see if the applied heat and 
pressure affect the surface of the minerals. The images showed no significant change of the 
surface, thus autoclaving most probably affects only the microorganisms. 
Furthermore, optical microscopy was performed after live-dead staining with LIVE/DEAD® 
Bac Light
TM
 Bacterial Viability Kit L7012, Molecular Probes on the mineral samples. The 
presence of microorganisms on the minerals was proven by these microscopic investigations. 
Exemplarily this is shown for muscovite in Fig. 4.12 where microbes are marked in the 
images with red arrows. 
 
Fig. 4.12 Micrograph of muscovite with 
live-dead stain. 
 
These results showed that typically microorganisms will be present during experiments with 
the natural minerals used in this work as also observed for bentonite (Lopez-Fernandez et al. 
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2015). Thus, it is necessary to know what kinds of microorganisms are present and how they 
affect the sorption processes. 
RISA 
For quick and reliable estimation of the bacterial community structure the Ribosomal 
Intergenic Spacer Amplification (RISA) approach was used with the primer pair 16S969F-
23S130R (Selenska-Pobell et al. 2001). From the three different samples (quartz, orthoclase, 
and muscovite) the DNA from the filters and the wet minerals from the batch experiment were 
analyzed.  
As evident from the results presented in Fig. 4.13, the RISA patterns obtained from the filter 
and the wet minerals of the same mineral exhibited similar and characteristic profiles for each 
mineral. This result indicates that a different bacterial community exists in each mineral. Due 
to similar RISA profiles from the filter and wet mineral, only extracted DNA from filter was 
used as template for 16S rRNA gene amplification and cloning. 
 
 
Fig. 4.13 RISA-PCR for ultrapure water (3, 4), orthoclase (5 filter, 6 wet mineral), muscovite 
(7 filter, 8 wet mineral), and quartz (9 filter, 10 wet mineral). 
Analysis of the 16S rRNA gene clone libraries on a phylum level demonstrated that 
Betaproteobacteria were most common and Alphaproteobacteria were less abundant in both, 
quartz and muscovite. However, differences between the two minerals were observed within 
the betaproteobacterial community on the genera level (see Fig. 4.14). 
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Fig. 4.14 Bacterial distribution on muscovite, orthoclase, and quartz. 
On quartz the genera Massilia was most abundant present, while Herbaspirillum sp. were also 
present, but detected to a smaller amount. In muscovite a different Herbaspirillum sp. 
prevailed as well as Massilia sp., Azohydromonas sp. and Ramlibacter sp. A smaller amount 
of 16S rRNA gene sequences were detected, which were 96% similar to the 16S rRNA gene 
sequences of Azohydromonas australica IAM 12644T (Xie et al. 2005). Interestingly, one 16S 
rRNA gene sequence detected in muscovite was 97% similar to the 16S rRNA gene sequence 
of Ramlibacter tataouinensis, which was isolated from a meteorite fragment collected from 
Tataouine subdesert soil in Tunisia (Heulin et al. 2003). Differences were also observed in the 
alphaproteobacterial community. Phenylobacterium spp. and Sphingomonas spp. That were 
abundant in muscovite, whereas Rhizobium spp. and an Alsobacter sp. were detected in 
quartz. 
The bacterial community in orthoclase was very different in comparison to quartz and 
muscovite, which was dominated by Alphaproteobacteria and contained a low number of 
representatives of Firmicutes. The Alphaproteobacteria were represented by Sphingomonas 
sp. and Firmicutes by Bacillus sp. Bacillus spp. were detected on minerals and walls (Qi et al. 
2011) and they can even enhance weathering of granite and its constituent minerals by making 
pits on the mineral surface (Song et al. 2010). 
Batch sorption experiments 
To investigate the influence of these microorganisms on the uranium sorption, respective 
batch experiments were done (pH 7, SLR 1/20 g mL-1, 0.01 M NaClO4, 10
–6 M U(VI)) under 
different sterile conditions. Autoclaving is used to avoid contaminations e.g., in growth media 
by external organisms. In the case of this work, the samples (mineral and background 
solution) were autoclaved in order to kill the contained microorganisms. A laminar flow box 
was also used in order to avoid the intake of microorganisms in the samples via air. 
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Furthermore, some samples were treated in darkness to see if there are some microbes 
favouring growth under light or dark conditions. The last treatment to mention is the use of 
sodium azide (NaN3) as an inhibitor, which acts in the way that it effectively suppresses 
microbial respiration and the activity of the relevant enzymes. This essentially inhibits the 
growth of microorganisms, but it does not kill them (Wang et al. 2005a). 
The results of these batch experiments are shown in Fig. 4.15. In the case of orthoclase and 
muscovite, the highest sorption was observed after treatment with sodium azide whereas all 
other treatments showed only a slight increase compared to the non-autoclaved sample at 
daylight. In case of quartz, the use of laminar boxes leads to the highest sorption. For 
muscovite, the combination of laminar flow box, autoclaving, and darkness, affects sorption 
the most. Here, the microbes obviously enhance sorption (dead or alive). This can be because 
from the fact that dead biomass sorbs better than live one (Kurek et al. 1982). Not all 
observed changes were significant. However, variations in sorption of uranium observed at 
different conditions cannot be attributed as a significant influence of the microorganisms.  
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Fig. 4.15 U(VI) sorption onto quartz, orthoclase, and muscovite (0.5 g mineral in 10 mL 0.01 M 
NaClO4) according to the influence of microorganisms at pH = 7 and an initial U(VI) 
concentration of 10–6 M. 
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TRLFS 
To clarify if the different treatments of the samples influence the uranium surface species on 
the minerals, the batch samples were investigated by TRLFS at 153 K. The distribution of the 
surface species in the batch samples with different treatment is given in Fig. 4.16.  
The results of the spectroscopic investigation of the surface species for orthoclase showed that 
in all samples the same species is dominating. Thus no changes of surface species due to 
microorganisms occur. For quartz a variation of the dominant species can be observed. This 
might be due to different binding forms affected by the treatment.  
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Fig. 4.16 U(VI) surface species distribution in the batch samples with different treatments of 
orthoclase (left) and quartz (right) at pH 7. 
These results showed, that there are microorganisms present in commercially available 
minerals, as used in batch sorption experiments. During this study the microorganisms 
showed that at the chosen conditions no verifiable effect on the sorption behavior onto 
orthoclase, muscovite, and quartz occurs. The observed sorption is mainly attributed to the 
surface of the mineral, and not to the microorganisms themselves. Only sorption onto quartz 
gives hints to microbial influences. Thus, the results of batch experiments can be used to 
predict sorption processes at mineral surfaces. For further work it has to be kept in mind that 
microbes may have an influence on sorption processes occurring in natural systems. In 
general processes like biofilm growth, which is a slow process, are not finished in such a short 
time scale. Furthermore, under natural conditions more nutrients are present around the 
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minerals leading to better conditions for microbial growth compared to the ones used in the 
batch sorption experiments.  
4.2.4 Sorption with calcium as competing cation 
In order to study the influence of Ca2+ as a competing cation upon the sorption of U(VI) on 
orthoclase and muscovite, sorption of 10–6 mol L–1 U(VI) onto these minerals in the absence 
and presence of 1.5 × 10–3 mol L–1 Ca2+ was performed. The results yield typical sorption 
curves for both cases, although at the highest pH 8 a difference in the sorption is observed 
(see Fig. 4.17). There, the presence of Ca2+ reduces the U(VI) sorption strongly. For 
orthoclase, sorption is reduced from approximately 25% to almost no sorption, and muscovite 
also showed a decrease of sorption from around 65% to less than 30%. 
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Fig. 4.17 Effect of Ca2+ on the sorption of 10–6 mol L–1 U(VI) onto orthoclase (left) and 
muscovite (right) at a SLR of 1/20 g mL–1 and ambient atmosphere. 
The decrease of uranium sorption at pH 8 in presence of Ca2+ is observed because of the 
formation of the Ca2UO2(CO3)3 complex dominating the aquatic speciation. This is a complex 
with only a weak tendency to sorb on the mineral surface. In addition, Ca2+ could also sorb as 
competing cation on the surface and thus reduce the available binding sites for U(VI). These 
two effects combined inhibit U(VI) sorption onto both minerals. This is in accordance to 
results for U(VI) sorption onto Hanford Subsurface Sediment, opalinus clay, ferrihydrite, and 
quartz (Dong et al. 2005, Fox et al. 2006, Joseph et al. 2013). 
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4.2.5 Spectroscopic investigations 
Aqueous U(VI) speciation 
Calculated aqueous speciation 
The aqueous speciation of 10–5 mol L–1 U(VI) in 0.01 mol L–1 NaClO4 in the absence and 
presence of 1.5 × 10–3 mol L–1 Ca2+ was calculated taking into account also the elements 
leached from the minerals. The respective speciation patterns are very similar for both 
minerals, and thus only the speciation of solutions conditioned with orthoclase are shown in 
Fig. 4.18.  
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Fig. 4.18 Aquatic U(VI) speciation of orthoclase supernatant with 10–5 mol L–1 U(VI) in 
0.01 mol L–1 NaClO4 without addition of Ca2+ (top) and with 1.5 × 10–3 mol L–1 Ca2+ 
(bottom) under ambient atmosphere and at room temperature. 
When the leached elements of the minerals were neglected, the only noted change was that the 
UO2SiO(OH)3
+ complex, occurring between pH 4 and 6, was not present. This influences the 
U(VI) speciation from pH 4 to 7. At acidic pH values, the free uranyl(VI) ion dominates the 
speciation in all calculations. From pH ≥ 4 onwards the concentration of the complex 
UO2OH
+ (and to a lesser degree (UO2)2(OH)2
2+) increases. In the pH range from pH 5 to 7 the 
species (UO2)3(OH)5
+ is predominant. At higher pH values the carbonate complexes 
(UO2)2CO3(OH)3
–; UO2(CO3)2
2–; Ca2UO2(CO3)
3, and UO2(CO3)3
4– are present. With 
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1.5 × 10-3 mol L–1 Ca2+, UO2(CO3)2
2– is suppressed and Ca2UO2(CO3)3 dominates the 
speciation between pH 8 and 10.  
TRLFS 
To verify the calculated U(VI) species distribution in the absence and presence of Ca2+ (Fig. 
4.18), respective TRLFS measurements were performed at 274 K for orthoclase and 
muscovite. Samples with muscovite showed no signal for U(VI), and thus are not mentioned 
in the following. This most probably is due to a high iron content in the sample (4.47 wt.% 
compared to 0.07 wt.% in orthoclase) responsible for quenching (Taha et al. 1971). 
Quenching of the U(VI) luminescence by carbonate (Balzani et al. 1978) restrains the 
observation of the luminescence spectra for (UO2)2CO3(OH)3
–, UO2(CO3)2
2–, and 
UO2(CO3)3
4– at room temperature, while only Ca2UO2(CO3)3 is still detectable (Bernhard et 
al. 1996). Thus, the solutions without Ca2+, show no U(VI) luminescence signals at higher pH 
values where the carbonate complexes are present. However, in presence of Ca2+ a 
luminescence signal can be observed that indicates the formation of Ca2UO2(CO3)3. In Fig. 
4.19 its deconvoluted steady state emission spectrum in the presence of Ca2+ is shown. Six 
emission bands were identified at 464, 483, 503, 525, 550, and 577 nm, which are in very 
good agreement with the literature values for the Ca2UO2(CO3)3(aq) complex (Krawczyk-
Bärsch et al. 2012, Schmeide et al. 2014). The respective luminescence lifetime calculation 
indicates the presence of a single species with a lifetime of 80.3 ± 3.0 ns. This lifetime is 
longer compared to the ones of 39.5 ± 4 ns and 43 ± 12 ns by Schmeide et al. (2014) and 
Bernhard et al. (2001), but this is in accordance to the fact that these measurements were 
performed at 298 K. Thus, the measurement of the U(VI) speciation with TRLFS confirms the 
speciation calculated with PhreeqC (Fig. 4.18). 
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Fig. 4.19 Luminescence spectrum of aqueous U(VI) deconvoluted by PARAFAC analysis. 
([U(VI)] = 10–5 mol L–1, [Ca2+] = 1.5 × 10–3 mol L–1, [NaClO4] = 0.01 mol L–1, 
T = 274 K). 
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U(VI) surface speciation 
TRLFS under cryogenic conditions 
To identify the surface speciation of U(VI) on orthoclase and muscovite in the absence and 
presence of Ca2+ TRLFS measurements were performed at 153 K. This lower temperature 
allowed for the detection of carbonate species as shown before. The obtained TRLFS data 
(0.01 mol L–1 NaClO4, pH 4 - 9, 10
–5 mol L–1 U(VI), 1.5 × 10–3 mol L–1 Ca2+) were analyzed 
with Parallel factor analysis. For the sorption of U(VI) onto orthoclase in absence of Ca2+, two 
species (A, B) were determined, whereas in presence of Ca2+ again two species (C, D) were 
observed. Fig. 4.20 shows the normalized intensity profiles of these species.  
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Fig. 4.20  Normalized intensity profiles of 10–5 mol L–1 U(VI) sorbed onto orthoclase in 
0.01 mol L–1 NaClO4 in the absence of Ca2+ referred to the amount of sorbed uranium 
(a) and in presence of 1.5 × 10–3 mol L–1 Ca2+ (b). The capital letters in the plots 
indicate the species determined with PARAFAC and the grey region represents the 
area with most differences. 
In the acidic pH region, species A is the most prominent one, although at pH 7 it is 
undetectable. Species B dominates the alkaline pH range starting at pH 6. The results of the 
TRLFS measurements of U(VI) sorbed on orthoclase in presence of Ca2+ show again a species 
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that is dominant at lower pH values (C) and one that is more common over the whole pH 
range (D).  
Experimentally obtained spectroscopic fingerprints, i.e., major peak maxima and 
luminescence lifetimes τ, were compared to previously published values and summarized in 
Table 4.9. There, the three mineral groups alumosilicates, SiO2 polymorphs, and Al-
(hydr)oxides were considered. For alumosilicates, direct spectroscopic results are published 
for uranyl ion sorption on montmorillonite (Chisholm-Brause et al. 1994, Kowal-Fouchard et 
al. 2004), albite (Walter et al. 2005), or muscovite (Arnold et al. 2006). With respect to 
interactions of uranyl ions with silanol surface groups, there are a few papers related to 
respective TRLFS investigations on SiO2 samples (Glinka et al. 1998, Gabriel et al. 2001, 
Brendler et al. 2004). Various publications provide detailed spectroscopic information about 
UO2
2+ bound onto aluminol groups (Baumann et al. 2005, Wang et al. 2005b, Chang et al. 
2006, Froideval et al. 2006). However, the fluorescence parameters derived from these works 
differ significantly or are not sparsely given at all. 
Table 4.9 Luminescence decay lifetimes τ and main emission bands (peak maxima positions, 
rounded to full nm) for the species obtained from a series of TRLFS data of U(VI) 
sorbed on orthoclase compared to literature values. 
The most prominent Ca-induced effect in the U(VI) surface speciation on orthoclase is the 
absence of species B when Ca2+ is present in the system (grey area in Fig. 4.20). Species A 
and C, both occurring at lower pH values, have comparable positions of their emission bands 
indicating them to be the same surface complex. The peak positions indicate a ≡SiO2UO20 
surface complex being in accordance with the results for SiO2. The same complex was also 
Surface species Emission bands (nm) τ (µs) T (K) PARAFAC species 
or Reference 
≡SiO2UO20 490; 511; 535; 561 352 ± 4.2 153 A 
≡SiO2UO2OHCO33– 479; 500; 521; 544; 570 644 ± 6.6 153 B 
≡SiO2UO20 494; 515; 538; 565 304.5 ± 2.6 153 C 
≡SiO2UO2OH– 481; 502; 523; 546; 573 334.7 ± 3.1 153 D 
≡SiO2UO20 494 – 496; 514 – 516  - 4 (Ilton et al. 2012) 
 - 170 ± 25 RT (Gabriel et al. 2001) 
UO22+ on SiO2 - 180 ± 20  (Drot et al. 2007) 
≡SiO2UO2OH– 501 – 503; 522 – 526  - 4 (Ilton et al. 2012) 
 - 360 ± 50 RT (Gabriel et al. 2001) 
(UO2)x(OH)y(2x-y)+ on 
SiO2 
506; 528 400 ± 30 RT (Drot et al. 2007) 
 
UO22+ on Kaolinite 487; 501; 520; 542; 567 42.5 ± 3.3  (Krepelova 2007) 
(UO2)x(OH)y(2x-y)+ on 
Al(OH)3 
480; 497; 519; 542; 564; 586 5.6 ± 1.6 RT (Baumann et al. 2005) 
UO22+ on Al(OH)3 499; 519 106 – 141 
233 – 247 
RT (Froideval et al. 2006) 
Aquatic species     
(UO2)2(OH)3CO3– 523.0; 542.3; 561.3 144 4 (Wang et al. 2004) 
UO2(CO3)34- 480; 499; 520; 542; 566 883 6 (Wang et al. 2004) 
 481; 500; 521; 544 887 153 (Götz et al. 2011) 
 480; 499; 520; 543; 566 820.4 ± 11.8 153 (Steudtner et al. 2011) 
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found to be dominating the sorption of U(VI) onto pure albite (Walter et al. 2005). Species D, 
occurring in presence of Ca2+, is comparable to the ≡SiO2UO2OH– surface complex described 
by Ilton et al. (2012). Thus, the binding of U(VI) onto orthoclase tends to be through the SiO2 
sites of this mineral. Comparison of the peak position with aqueous U(VI)-carbonate species 
(Wang et al. 2004) leads to the assumption that the species B is a U(VI)-carbonate surface 
complex, like ≡SiO2UO2OHCO33– postulated by Gabriel et al. (2001) or ≡XO-UO2CO3– by 
Davis et al. (2001) onto quartz. The absence of species B when Ca2+ is present in the system is 
due to the formation of Ca2UO2(CO3)3(aq) in the solution that traps almost all the uranium 
preventing any significant formation of a U(VI)-carbonate surface species. This is also the 
reason for the drop of sorption at pH 8 observed in the batch experiments when Ca2+ is 
present. 
In situ ATR FT-IR 
As a very useful tool for the investigation of reactions of heavy metals at the mineral-water 
interface ATR FT-IR spectroscopy was applied in this work (Lefèvre 2004). The sensitivity of 
the UO2 antisymmetric stretching mode ν3, which occurs at 961 cm–1 for the fully hydrated 
UO2
2+, to changes in the coordination environment of the cation has previously been shown 
on different mineral oxide surfaces (Müller et al. 2012, 2013, Schmeide et al. 2014). For 
evaluation of the U(VI) sorption process on orthoclase and muscovite, information on the 
distribution of the metal ion species in solution and on the surface is required. The ATR FT-
IR spectrum of an aqueous 20 µmol L–1 U(VI) solution in 0.1 mol L–1 NaCl at pH 5.5 shows 
the ν3 mode of the U(VI) moiety 923 cm–1 (Fig. 4.22, green trace) (Müller et al. 2008). This 
spectrum of U(VI) hydrolysis serves as a reference for the evaluation of the surface complex. 
In general, coordination of aqueous UO2
2+ ions on surfaces reduces the force constants of the 
O=U=O bonds. Thus, a displacement of water molecules from the first shell lowers the 
frequency of the ν3(UO2) stretching mode and the extent of this shift correlates with the type 
of surface bonding and coordination. Chemical bonding, namely the formation of inner-sphere 
sorption complexes results in a considerable red-shift of ν3(UO2). In contrast, physical 
interaction, i.e., outer-sphere complexation, reveals only very small ν3(UO2) shifts because of 
the remaining intact first hydration sphere (Lefèvre 2004). 
The time-resolved infrared spectra obtained during conditioning, sorption, and flushing steps 
of in situ U(VI) sorption experiments onto orthoclase (A) and muscovite (B) are illustrated in 
Fig. 4.21. The spectra of the conditioning (red traces) indicate stable stationary phases of 
orthoclase (A) and muscovite (B) due to no significant bands, which is indispensable for the 
detection of sorbed species during the following sorption process. The ATR FT-IR difference 
spectra calculated between the conditioning and at several time steps after induction of U(VI) 
sorption are shown as black traces. Absorption bands with maxima at 982 and 917 cm−1 can 
be observed. The intensities of these bands increased with time of sorption because of U(VI) 
accumulation on the mineral surfaces. The forming U(VI) surface structures seem to be very 
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similar for both minerals. Compared to the aqueous solution reference spectrum (Fig. 4.22, 
green trace) a very small shift of the ν3 mode of the U(VI) moiety by 6 cm−1 due to U(VI) 
sorption occurs. The sorption process seems to be confirmed by the band at 982 cm−1, this 
band is absent in the spectrum of the aqueous solution and can be assigned to surface modes 
that undergo significant alterations during the sorption reactions. After sorption, the U(VI) 
loaded mineral films were flushed again with blank solution. The obtained difference 
spectrum (blue trace) shows negative bands at equal frequencies to those observed during the 
sorption stage. This represents desorbed uranium complexes released from the orthoclase and 
muscovite film by the flushing. It indicates that the sorbed U(VI) species is only weakly 
bound to the surface and can be easily released. This is in accordance with previous 
observations of outer-sphere sorption complexes (Jordan et al. 2011, Müller et al. 2012). 
As consequence of the only small shift of the ν3 mode of the U(VI) surface structures, similar 
complex structures in solution and at the interface, i.e., the formation of outer-sphere 
complexes, can be assumed as prior also shown by the influence of the ionic strength (see Fig. 
4.10).  
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Fig. 4.21 In situ time-resolved ATR FT-IR spectra of U(VI) sorption on orthoclase (A) and 
muscovite (B) (20 µmol L–1 U(VI), 0.01 mol L–1 NaCl, pH 6, air, 0.08 mg cm–2). The 
spectra of the conditioning, sorption, and flushing processes are recorded at different 
times as given (from bottom to top). For more details, the reader is referred to the text. 
Indicated values are in cm–1. 
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Fig. 4.22 Comparison of ATR FT-IR spectra of U(VI) aqueous solution (20 µM U(VI), 0.1 M 
NaCl, pH 5.6) (Müller et al. 2008) and U(VI) surface complex on orthoclase and 
muscovite ( 20 µM U(VI), 0.01 M NaCl, pH 6). 
The assignment of ν3 peak positions is in accordance with the findings from a previous study 
of U(VI) sorption onto anatase (TiO2) where two different U(VI) surface species could be 
identified: one inner-sphere complex with ν3 at 895 cm−1 occurring at low coverage and one 
outer-sphere complex with ν3 at 917 cm−1 dominating the U(VI) speciation at high surface 
coverage (Müller et al. 2012). At higher frequencies, the slight appearance of intrinsic bands 
at 1525 and 1460 cm−1 may provide further evidence of the presence of the hydroxide 
complex from solution that can physically interact with the surface.  
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4.3 Sorption of Np(V) on orthoclase and muscovite 
To extend sorption experiments to pentavalent actinides, Np(V) sorption onto orthoclase and 
muscovite was studied. Main parameters were chosen according to the ones selected for 
U(VI) to get comparable results.  
4.3.1 Sorption as a function of pH, SLR, and ionic strength 
Selected batch experiments were performed to study the influence of pH, SLR, and ionic 
strength. The effect of the concentration of the sorbing actinide or lanthanide are presented in 
detail for U(VI) and Nd(III), see chapter 4.2.2 and 4.4. These effects are transferable to the 
Np(V) sorption, and so no experiments were performed for this, namely as its high specific 
activity prevents investigations at higher Np(V) concentrations. Instead, the influence of the 
ionic strength was considered to provide information on the binding structure of Np(V) onto 
the investigated minerals.  
Influence of pH and SLR on the Np(V) sorption 
Sorption experiments were performed under ambient atmosphere with orthoclase and 
muscovite at SLRs of 1/20 and 1/80 g mL–1. A concentration of 10–6 M Np(V) was used in 
0.01 M NaClO4 and the pH range of 5 to 12 was investigated.  
The pH dependent sorption of Np(V) onto both orthoclase and muscovite yields an increasing 
sorption percentage with rising pH (see Fig. 4.23 and Fig. 4.24). A comparison of SLR 1/20 
and 1/80 g mL–1 shows no difference in the sorbed amount. These sorption curves do not 
reflect the typical sorption curves observed in presence of carbonate in studies performed by 
Schmeide et al. (2010), Tachi et al. (2010), Turner et al. (1998), Wu et al. (2009), and 
Fröhlich et al. (2011) onto kaolinite, montmorillonite, gibbsite, and opalinus clay, 
respectively. The effect that Np(V) shows a lesser sorption than U(VI) is also observed in this 
study. Only at high pH values (≥ 10) an unusual effect is observed, where sorption tends to 
increase rapidly. Thus, the first slow increase of sorption from pH 7 to 10 is most likely due to 
the formation of neptunium surface complexes similar to those found in the previously 
mentioned studies.  
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Fig. 4.23 Sorption of 10–6 M Np(V) onto orthoclase according to solid-to-liquid ratio. 
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Fig. 4.24 Sorption of 10–6 M Np(V) onto muscovite according to solid-to-liquid ratio. 
The observed increase at high pH values cannot be explained in detail based on available 
sorption data, but a few assumptions can be made. The absence of Np in the supernatant might 
not be only due to sorption, but also due to the formation of a Np-precipitate, vial wall 
sorption or the formation of Np(V) colloids.  
At the higher pH values where the increase in sorption occurs, respectively, the decrease of 
Np in solution was observed; negatively charged neptunium-carbonate complexes dominate 
the aquatic Np speciation under these conditions (see Fig. 2.2). The surface of both 
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investigated minerals is negatively charged, thus the formation of a neptunium surface 
complex is not expected. Additionally, vial wall sorption cannot be excluded. Negatively 
charged complexes are dominating in this system from pH 8 onwards, much before the steep 
increase in sorption starting at pH 11 meaning that negatively charged species would already 
be present. Therefore, it must be considered that wall sorption could contribute to this increase 
of sorption, although not significantly enough to account for the entirety. 
The formation of colloids was tested by using scattered light intensity measurements 
(Zetasizer Nano ZS, Malvern Instruments). Due to the fact that before phase separation, 
besides colloids (if they exist), small mineral particles also exist in the solution, which can 
interfere with the scattered light intensity, and therefore do not necessarily indicate that 
colloids are present. Whereas after phase separation, colloids and mineral particles will be in 
the solid phase, and thus cannot be distinguished. For this reason, samples at pH 6 and 12 with 
only 10–6 M Np in 0.01 M NaClO4 were tested for colloids. These samples showed no sign of 
an increase in the light scattering, and thus no formation of a precipitate could be observed. 
The presence of neptunium colloids in other alumosilicate suspensions, such as kaolinite and 
montmorillonite (Turner et al. 1998, Schmeide et al. 2010), has not been reported. In these 
studies the Np(V) concentration has been comparable to the concentration used in the present 
work, thus a reason for colloid formation in the investigated orthoclase and muscovite 
suspensions is difficult to explain.  
As a last option a Np precipitate was considered. Atwood (2010) mentioned the potential 
precipitation of Np(V) hydroxides. This could be the case in this work, but Np-carbonates 
dominate at the higher pH values where the effect was observed. Nakayama et al. (1991) 
observed in some blank tests a decrease of neptunium in solution at pH values ≥ 11, and 
referred it as precipitation because the Np solubility (concentration: 6 × 10–6 M) was exceeded 
at these pH values. Regardless, the precipitate form was not identified. A closer look to the 
pH-Eh diagram of neptunium (Fig. 4.25) showed that with increasing pH and a slight shift of 
Eh to lower values the formation of Np(IV) might be possible. Furthermore, a reduction of 
Np(V) to Np(IV) can be forced by some soluble compounds of the mineral, e.g., iron. This 
reduction process was described in Gogolev et al. (2006) with the following reaction: 
Fe2+ + NpO2
+ ↔ Fe3+ + NpO2 Eq. 20 
The measurement of the redox potential of 10–6 M Np samples at pH 6 and 12 indicated a shift 
of the Eh from 0.3 V to approximately 0 V. Thus, Np at higher pH values samples tend to be 
reduced. It is not clear which process triggers the reduction at higher pH values in the 
investigated systems, but it might be due to some of the minor mineral components like iron. 
From these results, the formation of a Np precipitate like NpO2(am) (see Fig. 4.25) can be 
assumed, or the reduction of Np(V) to Np(IV) followed by sorption of Np(IV), which is 
generally stronger than sorption of Np(V). Further studies are required to resolve these 
questions. 
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Fig. 4.25 pH-Eh diagram of 10–6 M Np in 0.01 M NaClO4, under ambient atmosphere, grey 
square represents the area of interest for the performed experiments. 
Ionic strength effects on Np(V) sorption 
To investigate the effect of the ionic strength on the Np(V) sorption, batch experiments in 1 M 
NaClO4 (SLR of 1/20 g mL
–1 and 10–6 mol L–1 Np(V)) were performed in the pH range 
relevant for neptunium surface complex formation (pH 7 to 10). This was described before 
and illustrated in comparison to the results of 0.01 M NaClO4 (see Fig. 4.26 and Fig. 4.27). In 
these figures, pH values for 1 M NaClO4 were corrected as described in section 3.1. A shift of 
the sorption curve at higher ionic strength is not observed indicating inner-sphere sorption of 
neptunium. Additionally, because the amount of sorption is quite low, a definitive 
identification of the sorption complex is quite difficult, thus the formation of an outer-sphere 
surface complex cannot be excluded. Np(V) sorption onto other minerals as described in 
Maher et al. (2013) was also found to be dominated by inner-sphere sorption and consistent 
with this work. 
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Fig. 4.26 Sorption of 10–6 M Np(V) under ambient atmosphere onto orthoclase in 0.01 M and in 
1 M NaClO4. 
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Fig. 4.27 Sorption of 10–6 M Np(V) under ambient atmosphere onto muscovite in 0.01 M and in 
1 M NaClO4. 
4.3.2 ATR FT-IR spectroscopic investigations 
Neptunium has also been studied by ATR FT-IR to get a closer look on the surface. ATR FT-
IR spectra were recorded at different pH values (6 and 9.6). Due to the low loading of the 
mineral film with Np(V) spectra were recorded wherefrom no information to the bonding 
mechanism would be possible to discern. Thus, this method was not useful for the 
investigation of the sorption of neptunium onto orthoclase and muscovite under the 
investigated conditions. 
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4.4 Sorption of Nd(III) on orthoclase and muscovite 
Batch sorption experiments with Nd(III) were performed onto muscovite and orthoclase. For a 
better comparison to the experiments with U(VI) and Np(V), the same boundary conditions 
(concentration, background electrolyte, sorption time, SLR) were used.  
4.4.1 Pretests 
Initial experiments were conducted to determine the behavior of N(III) under the given 
conditions. Therefore, zeta potential of the minerals in presence of neodymium was measured 
in correlation with scattered light intensity measurements to determine if precipitation occurs 
as previously determined by the calculation of the saturation indices of neodymium (see Fig. 
2.4). 
Zeta potential measurements 
The zeta potential of orthoclase and muscovite was measured in the presence and absence of 
10–5 M Nd(III). Both minerals showed a negative surface charge over the investigated pH 
range (see Fig. 4.28). Sorption of Nd(III) onto the minerals leads to a shift of the zeta potential 
to less negative values, or for orthoclase between pH 4.5 and 5.5 to even positive values. The 
highest shift was observed in the pH range of 4.5 to 6.5 where the sorption edge of Nd(III) can 
be found. Further increase in pH does not change the zeta potential. This might be due to the 
formation of neutral and negatively charged neodymium species in aqueous solution (see Fig. 
2.3). 
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Fig. 4.28 Zeta potential of orthoclase (left) and muscovite (right) in 0.01 M NaClO4 with and 
without 10–5 M Nd(III). 
 
 
 
 83 
 
Scattered light intensity 
To be sure that no precipitates of Nd(III) were formed, the scattered light (using a Zetasizer 
Nano ZS, Malvern Instruments) of solutions with different concentrations of neodymium was 
measured (Table 4.10). 
Table 4.10 Scattered light intensity (in kcps) of Nd(III) solutions with different concentrations in 
0.01 M NaClO4. Values above a threshold of 60 kcps are given in italics. 
pH 10–5 M Nd 10–4 M Nd 
pH 3 42 70.4 
pH 3.5 43.6  
pH 4 31.9 47.2 
pH 4.5 107.1  
pH 5 39.6 59 
pH 5.5 53.5  
pH 6 50.7 57.2 
pH 6.5 51.2  
pH 7 40.2 540 
pH 7.5 50.4  
pH 8 110.2 1116 
The background values for pure water and pure 0.01 M NaClO4 solutions range between 40 
and 60 kcps. Whereas concentrations of 10–5 M Nd(III) at all pH values showed no significant 
increase due to a precipitation, at 10–4 M Nd(III) the scattered light increased significantly at 
pH 7 and higher. This indicated the precipitation of a neodymium-carbonate phase like 
Nd2(CO3)3 or NdOHCO3 (see Fig. 2.4), but most likely in an intermediate, colloidal state. 
Therefore, the sorption experiments were performed at lower concentrations, and the stock 
solution was prepared at acidic pH-values to avoid the precipitation of neodymium. 
4.4.2 Sorption according to pH, SLR, concentration, and ionic strength 
Influence of Nd(III) concentration, pH, and SLR on the sorption 
Nd(III) sorption experiments were performed under ambient atmosphere with orthoclase and 
muscovite at SLRs of 1/20 and 1/80 g mL–1 and concentrations of 10–6 M and 10–5 M Nd(III) 
in 0.01 M NaClO4 at pH values ranging from 4 to 10. Nd(III) sorption onto orthoclase and 
muscovite was quantitative, depending on the conditions used, i.e., from neutral pH onwards. 
The formation of a neodymium surface species was favored at pH values where the positively 
charged neodymium-hydroxide and -carbonate species start to dominate aqueous Nd 
speciation as shown in Fig. 2.3. In general, the observed results were in good agreement with 
the observed sorption edges of Nd and other Ln(III) as described in section 2.4. 
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As expected, with the decrease of the SLR from 1/20 to 1/80 g mL–1 there was only a slight 
reduction of sorption at the lowest investigated pH values due to the shortage of available 
binding sites on the mineral surfaces. At higher pH values maximum sorption (all of the 
neodymium binds onto the mineral surfaces) was attained under all investigated conditions 
(see Fig. 4.29 and Fig. 4.30). As expected, increasing Nd(III) concentration shifted the 
sorption edges to higher pH values. In general, Nd(III) sorption was stronger onto muscovite 
than on orthoclase. Thus, for orthoclase complete sorption was reached around pH 7 (10–5 M 
Nd(III)), whereas on muscovite it was reached already at pH 6. 
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Fig. 4.29 Sorption onto orthoclase at 10–6 M Nd(III) (left) and 10–5 mol L–1 Nd(III) (right) at 
SLRs of 1/20 g mL–1 and 1/80 g mL–1. 
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Fig. 4.30 Sorption onto muscovite at 10–6 mol L–1 Nd(III) (left) and 10–5 mol L–1 Nd(III) (right) 
at SLRs of 1/20 g mL–1 and 1/80 g mL–1. 
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Ionic strength effects on Nd(III) sorption 
To investigate the influence of the ionic strength on the sorption of Nd(III) onto orthoclase 
and muscovite, batch experiments in 1 M NaClO4 (SLR of 1/20 g mL
–1 and 10–5 mol L–1 
Nd(III)) were performed. The results were compared to those of 0.01 M NaClO4 (see Fig. 
4.31). In this figure, pH values for 1 M NaClO4 were corrected as described in section 3.1. A 
shift of the sorption curve at higher ionic strength to higher pH values, meaning a decrease of 
sorption at higher ionic strength, can be observed as was also shown by Gladysz-Plaska et al. 
(2000). This indicates an influence of the sorption by electrostatic forces allowing Nd(III) to 
adsorb to orthoclase and muscovite via the formation of outer-sphere complexes (Davis et al. 
1990). In contrast, Aja (1998) found the adsorption of Nd on kaolinite independent of ionic 
strength and assumed inner-sphere surface complexation mechanisms. 
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Fig. 4.31 Sorption onto orthoclase (left) and muscovite (right) at different ionic strength, SLR 
1/20 g mL–1 and 10–5 mol L–1 Nd(III). 
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4.5 Derivation of surface complexation parameters 
For all investigated sub systems (U(VI), Np(V), and Nd(III) onto orthoclase and muscovite) 
parameters for surface complexation models were derived. Corresponding files documenting 
the input file for the parameter optimization as well as the related output files can be found on 
the attached CD. The obtained final data sets including the specific surface site parameter and 
the optimized formation constants log K are provided in Table 4.11. 
Table 4.11 Recommended surface complexation parameters for U(VI), Np(V), and Nd(III) 
sorption onto orthoclase and muscovite. 
 Orthoclase Reference Muscovite Reference 
SSA [m² g−1] 0.083 This work 0.66 This work 
SSD [sites nm−2] 3.1 
(Arnold et al. 
2000) 
2.61 
(Arnold et al. 
2001) 
pK1 6.47 
(Arnold et al. 
2000) 
6.01 
(Arnold et al. 
2001) 
pK2 -7.85 
(Arnold et al. 
2000) 
-7.86 
(Arnold et al. 
2001) 
log K ≡XO-UO2+ 1.67 ± 0.02 This work 0.41 ± 0.001 This work 
log K ≡XO-UO2CO3− 8.99 ± 0.03 This work 8.71 ± 0.001 This work 
log K ≡XO-NpO2 -3.92 ± 0.03 This work -4.58 ± 0.03 This work 
log K ≡XO-Nd2+ 4.85 ± 0.01 This work 3.77 ± 0.003 This work 
log K ≡XO-NdCO3 9.46 ± 0.02 This work 10.10 ± 0.03 This work 
 
4.5.1 U(VI) surface complexation 
Both surface complexes for U(VI) fit the experimental data quite well (see Fig. 4.32 and Fig. 
4.33) except for the series with the highest U(VI) concentration (10–5 M) and lowest SLR 
(1/80 g mL–1) for orthoclase, and to a lesser extent, also for muscovite.  
The fitted log K (1.67 for orthoclase and 0.41 for muscovite) for the most fundamental U(VI) 
surface complex are generally in good agreement with published values, e.g. log K 1.67 for 
albite (Arnold et al. 2000) and log K -0.5 for muscovite (Arnold et al. 2001). Concerning 
uranium-carbonate surface complexes, a comparison with values for feldspar and mica is not 
possible, because there are no comparable values, but the fitted log K values for orthoclase 
and muscovite (8.99 and 8.71) are close to those published for quartz with log K 10.18 (Davis 
et al. 2001) and kaolinite with log K 10.85 (Jung et al. 1999). 
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Fig. 4.32 Fitted surface speciation for the U(VI) sorption onto orthoclase (10–5 mol L–1 and 
10-6 mol L–1 U(VI), SLR 1/20 and 1/80 g mL–1). 
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Fig. 4.33 Fitted surface speciation for the U(VI) sorption onto muscovite (10–5 mol L–1 and 
10-6 mol L–1 U(VI), SLR 1/20 and 1/80 g mL–1). 
To get a better understanding of the aquatic and surface speciation of the U(VI) sorption onto 
orthoclase and muscovite, the obtained log K values were used to model the speciation with 
PhreeqC. Results are shown in Fig. 4.34. Results show that surface species dominate the total 
speciation at circumneutral pH values in the presence of the investigated minerals. 
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Fig. 4.34 Aquatic and surface speciation of –6 M U(VI) in 0.01 M NaClO4, under ambient air 
onto orthoclase (left) and muscovite (right). 
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The predictive modeling for the experiments with Ca2+ is shown in Fig. 4.35. For orthoclase it 
overpredicts the sorption. This is in accordance with the spectroscopic results, where the 
uranium-carbonate complex was not observed in presence of Ca2+. Consequently, this 
complex leads to an overestimation of the experimental data. In contrast, the predictive 
modeling of muscovite is in very good agreement with the experimental data.  
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Fig. 4.35 Prediction of sorption of U(VI) in presence of Ca2+ for orthoclase (left) and muscovite 
(right) using the log K values obtained in this work (cf. Table 4.11). 
4.5.2 Np(V) surface complexation 
The fit of Np(V) up to pH 10 can be accurately described by the ≡XO-NpO2 surface species 
(see Fig. 4.36). The obtained log K values (orthoclase: -3.92 and muscovite: -4.58) are in 
good agreement to literature data for other alumosilicates like log K -4.04 for kaolinite, log K 
-3.62 for gibbsite, and log K -4.15 for biotite, all obtained by Wang et al. (2001). Because of 
the weak sorption, a fit with more species does not improve the prediction. 
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Fig. 4.36 Fitted surface speciation with ≡XO-NpO2 for Np(V) onto orthoclase (left) and 
muscovite (right) (0.01 M NaClO4, SLR 1/20, 10–6 M Np(V)). 
 90 
 
4.5.3 Nd(III) surface complexation 
The fitted sorption curves of neodymium onto orthoclase and muscovite are shown in Fig. 
4.37 and Fig. 4.38. The fitted log K (4.85 for ≡XO-Nd2+ / 9.46 for ≡XO-NdCO3 (orthoclase) 
and 3.77 for ≡XO-Nd2+ / 10.10 for ≡XO-NdCO3, (muscovite)) are in general in good 
agreement with published values of comparable systems. Due to a lack of SCM data of 
neodymium and other Ln(III) onto feldspar and mica, studies of Ln(III) and An(III) onto 
quartz and clay minerals were chosen for comparison. For example, Kitamura et al. (1999) 
gave log K values of 4.55 and 5.07 for ≡SiO-Eu2+ and ≡SiO-Am2+ onto quartz, which are in 
good agreement to the calculated values for orthoclase. Bradbury et al. (2005b) calculated 
log K values of 3.1 both for ≡XO-Eu2+ and ≡XO-Cm2+ onto illite, which are close to the 
obtained value for muscovite. Less data is available for carbonates. Fernandes et al. (2008) 
calculated a log K of 8.3 for ≡XO-EuCO3 onto montmorillonite, but nevertheless this value is 
in the same range as the values obtained for ≡XO-NdCO3 onto orthoclase and muscovite. 
Both surface complexes of Nd(III) describe the experimental data of muscovite quite well (see 
Fig. 4.38). 
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Fig. 4.37 Fitted surface speciation for the Nd(III) sorption onto orthoclase (10–5 mol L–1 and 
10-6 mol L–1 Nd(III), SLR 1/20 and 1/80 g mL–1). 
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Fig. 4.38 Fitted surface speciation for the Nd(III) sorption onto muscovite (10–5 mol L–1 and 
10-6 mol L–1 Nd(III), SLR 1/20 and 1/80 g mL–1). 
4.5.4 Discussion of the calculated surface complexation constants 
In general, the results of the fitted surface complexation constants for the sorption of U(VI), 
Np(V), and Nd(III) onto orthoclase and muscovite are in good agreement to literature data of 
similar systems as described in sections 4.5.1 to 4.5.3. However, the SCM results for 10–5 M 
U(VI) and Nd(III) at a SLR of 1/80 g mL–1 onto orthoclase and to a lesser extend for U(VI) 
also on muscovite show a discrepancy between the fit and the observed experimental data. 
This can be due to several SCM parameters like the protolysis constants, the specific surface 
area (SSA) and surface site density (SSD) implemented in the model. The SSA is a measured 
value based on the used mineral, and thus cannot be changed, whereas the used SSD is taken 
from literature data and might deviate in the investigated systems. A closer look to the 
available surface sites per metal-cation (Me) calculated with the parameters used for the 
surface complexation modeling as given in Table 4.12 indicates that at these conditions 
(10-5 M, SLR of 1/80 g mL-1) only half of the amount of metal-cation (U(VI) or Nd(III)) has 
the possibility to directly sorb to the mineral surface of orthoclase. Thus, for future work a 
precise characterization of the SSD and protolysis constant that can be derived by titration 
experiments should be performed to check the effects of these parameters on the quality of fit. 
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Table 4.12 Calculated number of sites at the used parameters of the surface complexation 
modeling. 
Mineral 
SSA 
(m2/g) 
SSD 
(sites/nm2) 
SLR 
(g mL–1) 
Number of sites per metal ion 
10–6 M Me* 
(*U(VI)/Nd(III)) 
10–5 M Me* 
(*U(VI)/ Nd(III)) 
Orthoclase 0.083 3.1 1/20 21.4 2.1 
 0.083 3.1 1/80 5.3 0.5 
Muscovite 0.66 2.61 1/20 143.0 14.3 
 0.66 2.61 1/80 35.8 3.6 
 
An additional reason for the difference between experiment and fit can be due to undetected 
surface precipitation of Nd(III). Furthermore, for uranium the formation of oligomeric 
uranium species is possible even if such species are not spectroscopically identified in this 
system. 
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5. Conclusion and future prospects 
In this study, the sorption of U(VI), Np(V), and Nd(III) onto orthoclase and muscovite was 
successfully investigated using batch experiments, spectroscopic methods, and surface 
complexation modeling in order to gain a better understanding of the transportation and 
sorption processes of actinides and lanthanides in the environment. For the first time 
microorganisms present on commercially available orthoclase and muscovite were 
characterized. However, their influence on the sorption of U(VI) on these minerals was found 
to be insignificant, and thus special sample treatments, such as autoclaving, are not necessary. 
In addition, a more complex system with Ca2+ as a competing cation with the sorption of 
U(VI) onto orthoclase and muscovite was studied. The addition of Ca2+ to the investigated 
systems resulted in the formation of the Ca2UO2(CO3)3 complex. It could be shown that this 
complex remains in solution was observed by Bernhard et al. (2001). Thus, the formation of 
this complex inhibits the retardation of U(VI). Predictive modeling of the U(VI) sorption in 
presence of Ca2+ showed that surface complexation constants without the addition of Ca2+ can 
already give an accurate prediction for these experimental results. The Ca2UO2(CO3)3 
complex not only has to be taken into account for the far field of repositories, but also in 
facilities for cleaning drinking water where this complex can be a problem, e.g. it has no 
charge, and hence it cannot be removed by using ion exchangers. This leads to a problem in 
areas where a high natural uranium background is present. 
The sorption of U(VI), Np(V), and Nd(III) was in general slightly stronger on muscovite than 
on orthoclase. In comparison to the sorption of these cations onto other minerals (e.g., 
goethite, hematite, or gibbsite) (Maher et al. 2013), orthoclase and muscovite show only a 
moderate sorption. Despite this, sorption is still stronger than the sorption onto quartz, which 
constitutes the main components in most rock assemblages, namely in overburden rocks. 
Thus, neglecting them would introduce inacceptable errors in sorption modeling.  
A first surface complexation model (surface species set and respective formation constants) 
for the sorption of Nd(III) onto orthoclase and muscovite was developed. Already existing 
SCMs for U(VI) and Np(V) on feldspar and mica were adapted with respect to the species 
being present. Spectroscopic investigations of U(VI) onto orthoclase were used to verify the 
SCMs where a uranyl surface complex and a first uranium-carbonate surface complex were 
observed. Additionally, surface complexation constants for the sorption of Np(V) and Nd(III) 
onto muscovite could be fitted. For orthoclase this holds for all three investigated elements. 
The obtained results are in good agreement to comparable systems (same elements on other 
minerals or elements with equal valence on feldspar and mica). With the obtained results the 
project specific thermodynamic database (WEIMAR_EDH.dat, see chapter 3.4.3), which is 
used for geochemical modeling in long-term safety assessments, changes. This leads to an 
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increase of the log Kd for the upper aquifer of the Gorleben site. For trivalent actinides this 
increase is the largest to combined to a smaller increase for Np(V) and U(VI) (see Fig. 5.1). 
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Fig. 5.1 Increase of log Kd of the upper aquifer of the Gorleben site, when results of this work 
were included (values of Nd(III) were used as analogue for Am(III)). For composition 
of solution and mineral content see Table 2.2, 3.1 and 5.1 in Noseck et al. (2012). 
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Fig. 5.2 Sorption of Am(III), Np(V) and U(VI) relative to the minerals in the upper aquifer of 
the Gorleben site (values of Nd(III) were used as analogue for Am(III)). A: database 
without results of this work, B: including results of this work. 
With the new data obtained within this work the amount of sorption relative to the minerals in 
the upper aquifer of the Gorleben site changes (see Fig. 5.2). Whereas the new data for mica 
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show no relevance for the sorption of the upper aquifer, the now available data for orthoclase 
illustrate the importance of feldspars in this area. Including the results of this work into the 
database leads to an increase of the predicted sorption onto feldspar for all three elements. For 
U(VI) only a small increase is observed due to the predominance of the sorption onto Fe(III)-
(hydr)oxides. The SCM parameters of Np(V) from this work are the first respective values. 
Their inclusion into long-term safety assessments significantly increases the predicted 
sorption onto feldspar. Finally, data for Nd(III) as analogue for trivalent actinides and 
lanthanides feldspars show the largest change. However, one should be aware that the 
dominance of feldspars as shown in Fig. 5.2 may be exaggerated, as there are only rare 
investigations of An(III)/Ln(III) sorption also onto other minerals. 
Thus, this work provides valuable new thermodynamic surface complexation data as was 
planned in the WEIMAR project. This as shown above completes the basis for a more reliable 
modeling of the behavior of radionuclides over a long time frame in natural systems (long-
term safety assessments) and contributes therewith to human safety. 
In fact, the results obtained in this work strongly support the current mechanistic 
understanding of the actinide and lanthanide sorption on feldspar and mica. As expected 
Nd(III) sorbs better than U(VI) and Np(V) due to their oxidation states and consequently 
different charges.  
The environment is quite complex and consists of a variety of minerals and soluble 
compounds like humic acids or metals. This multifaceted matrix can affect the retardation of 
actinides, by either increasing or decreasing the retardation. For further investigations a study 
of more complex systems either with a mixture of minerals or the addition of a variety of 
different compounds in solution (cations or ligands) can be useful to understand systems 
closer to nature. 
Future work could also be targeted at the more detailed description of species and how they 
interact with the mineral, e.g., by using additional spectroscopic methods like EXAFS or 
CTR. Furthermore, a more precise characterization of mineral surface properties, such as 
binding site densities and protolysis constant, would allow decreasing uncertainty of the 
obtained SCM parameters.  
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Summary 
A safe storage of radioactive waste in repositories is an important task to protect humans and 
the environment from radio- and chemotoxicity. Long-term safety assessments predict the 
behavior of potential environmental contaminants like the actinides plutonium, uranium, or 
neptunium, in the near and far field of repositories. For such safety assessments, it is 
necessary to know the migration behavior of the contaminants in the environment, which is 
mainly dependent on the aquatic speciation, the solubility product of relevant solid phases, 
and the retardation due to sorption on surrounding minerals. Thus, an investigation of sorption 
processes of contaminants onto different minerals as well as the derivation of mineral specific 
surface complexation model (SCM) parameters is of great importance. 
Feldspar and mica are widely distributed in nature. They occur as components of granite, which 
is considered as a potential host rock for a repository in Germany, and in numerous other rocks, 
and thus also in the far field of nearly all repositories. However, their sorption behavior with 
actinides has only been scarcely investigated until now. In order to better characterize these 
systems and subsequently to integrate these minerals into the long-term safety assessments, this 
work focuses on the investigation of the sorption behavior of U(VI), Np(V), and Nd(III) as 
analogue for An(III) onto the minerals orthoclase and muscovite, representing feldspars and 
mica, respectively. All investigations were performed under conditions relevant to the far field 
of a repository. In addition to the extensive characterization of the minerals, batch sorption 
experiments, spectroscopic investigations, and surface complexation modeling were performed 
to elucidate the uptake and speciation of actinides on the mineral surfaces. In addition, the 
influence of microorganisms naturally occurring on the mineral surfaces and the effect of Ca2+ 
on U(VI) uptake on the minerals was studied. The obtained sorption curves exhibit a similar 
characteristic for orthoclase and muscovite. As expected Nd(III) shows the highest amount of 
sorption followed by U(VI) and finally Np(V). With spectroscopic investigations of the 
aquatic U(VI) solution in presence of Ca2+, the Ca2UO2(CO3)3 complex could be identified. 
Furthermore, with spectroscopic methods the U(VI) surface species onto orthoclase could be 
characterized, of which a novel uranium-carbonate surface species was observed.  
Based on the results of batch experiments and spectroscopic methods new SCM parameters 
for the sorption of U(VI), Np(V), and Nd(III) onto orthoclase and for Np(V) and Nd(III) onto 
muscovite could be derived. SCM parameters for U(VI) sorption onto muscovite confirmed 
earlier investigations. The obtained SCM parameters increase the amount of data available for 
sorption processes onto feldspar and mica. With this the relevance of feldspars for the 
sorption of actinides and lanthanides could be shown. Thus, this work contributes to a better 
understanding of interactions of actinides and lanthanides, in particular U(VI), Np(V), and 
Nd(III), with mineral phases ubiquitous in the environment. This in turn adds confidence to 
long-term safety assessments essential for the protection of humans and the environment from 
the hazards of radioactive waste. 
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Zusammenfassung 
Die sichere Endlagerung von radioaktiven Abfällen ist eine wichtige Aufgabe um Mensch und 
Umwelt vor der Radio- und Chemotoxizität der enthaltenen Umweltkontaminanten, wie den 
Aktiniden Plutonium, Uran und Neptunium, zu schützen. Um Prognosen über das Verhalten 
dieser Stoffe im Nah- und Fernfeld von Endlagern über lange Zeiträume zu treffen werden 
Langzeitsicherheitsanalysen durchgeführt. Für diese ist es notwendig das Migrationsverhalten 
der Schadstoffe in der Umwelt, welches hauptsächlich von der aquatischen Speziation, den 
Löslichkeiten von Festphasen, aber auch durch die Rückhaltung aufgrund von Sorption an 
umgebenden Mineralen beeinflusst wird, zu kennen. Deshalb ist die Untersuchung des 
Sorptionsverhaltens von Schwermetallen an verschiedenen Mineralphasen sowie die 
Generierung von mineralspezifischen Parametern für Oberflächenkomplexierungsmodelle von 
großer Bedeutung. 
In der Natur sind Feldspäte und Glimmer häufig auftretende Minerale. Sie sind Bestandteil 
von Granit, welcher als ein potentielles Wirtsgestein für die Endlagerung in Deutschland 
untersucht wird. Aber auch in vielen anderen Gesteinen kommen sie vor und sind somit auch 
im oberflächennahen Fernfeld fast aller Endlager relevant. Auch wenn diese Minerale häufig 
in der Natur auftreten ist doch ihr Sorptionsverhalten gegenüber von Aktiniden bisher nur 
spärlich untersucht worden. Um diese Systeme besser beschreiben zu können und mit in die 
Langzeitsicherheitsanalysen einbeziehen zu können wurde in dieser Arbeit das 
Sorptionsverhalten von U(VI), Np(V) und Nd(III) als Analogon für An(III) an den Mineralen 
Orthoklas und Muskovit, als Vertreter für Feldspat und Glimmer, untersucht. Dabei wurde 
unter Bedingungen, wie sie im Fernfeld eines Endlagers auftreten können, gearbeitet. Neben 
verschiedenen Methoden zur Mineralcharakterisierung wurden Batch-Sorptionsexperimente, 
spektroskopische Untersuchungen sowie Oberflächenkomplexierungsmodellierungen 
durchgeführt um die Aufnahme sowie Speziation von Aktiniden an der Mineraloberfläche 
besser zu charakterisieren. Für die Betrachtung der U(VI) Sorption wurde zusätzlich der 
Einfluss von natürlich am Mineral vorhandenen Mikroorganismen sowie von Ca2+ untersucht.  
Die erhaltenen Sorptionskurven zeigen jeweils ein ähnliches Verhalten für Orthoklas und 
Muskovit. Wie zu erwarten sorbiert Nd(III) von den untersuchten Elementen am stärksten, 
gefolgt von U(VI) und Np(V). Mittels spektroskopischer Untersuchung der aquatischen U(VI) 
Lösung in Anwesenheit von Ca2+ konnte der Ca2UO2(CO3)3 Komplex verifiziert werden. 
Außerdem konnten mittels spektroskopischer Betrachtung der U(VI) Sorptionsspezies an der 
Oberfläche von Orthoklas eine Uranyl-Oberflächenspezies sowie erstmalig eine Uran-
Karbonat-Oberflächenspezies identifiziert werden.  
Auf Grundlage der Ergebnisse aus den Batch Sorptionsexperimenten und der 
spektroskopischen Untersuchungen konnten neue Oberflächenkomplexierungsparameter für 
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die Sorption von U(VI), Np(V) und Nd(III) an Orthoklas und für Np(V) sowie Nd(III) an 
Muskovit generiert werden. Entsprechende Parameter für die U(VI) Sorption an Muskovit 
bestätigen frühere Studien. Die erhaltenen Oberflächenkomplexierungsparameter verbessern 
signifikant die Datenlage für Sorptionsprozesse an Feldspäten und Glimmern. Es konnte 
gezeigt werden, dass Feldspäte eine wichtige Rolle bei der Rückhaltung von Aktiniden 
spielen. Damit trägt diese Arbeit zu einem besseren Verständnis der Interaktionen von 
Aktiniden und Lanthaniden, insbesondere von U(VI), Np(V) und Nd(III), mit ubiquitär in der 
Umwelt vorkommenden Mineralphasen bei. Diese Arbeit liefert folglich einen wesentlichen 
Beitrag zum Schutz von Mensch und Umwelt vor Gefahren durch radioaktive Abfälle. 
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Fig. A 1 Precision of uranium analysis by ICP-MS. 
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Fig. A 2 Precision of neodymium analysis by ICP-MS. 
Table A 1 Affiliation-clone library orthoclase. 
Clones No. of 
clones 
Closest phylogenetic relative % of similarity 
  Alphaproteobacteria  
O8 59 1. Sphingomonas pituitosa strain NBRC 102491 (NR_114119) 
3. Sphingomonas pituitosa strain EDIV (NR_025363) 
1359/1361(99%) 
1359/1361(99%)  
O14,  38 1. Sphingomonas pituitosa strain NBRC 102491 (NR_114119) 
3. Sphingomonas pituitosa strain EDIV (NR_025363) 
1357/1360(99%) 
1357/1360(99%) 
    
  Firmicutes  
O20 6 1.Uncultured bacterium clone: T5CLN20 (AB696500) 
2.Bacillus niabensis strain PT-27 (HQ848128) 
1405/1416(99%) 
1404/1419(99%) 
O84 1 1.Uncultured bacterium clone: T5CLN20 (AB696500) 
4.Bacillus niabensis strain PT-27 (HQ848128) 
1409/1419(99%) 
1398/1416(99%) 
O25 1 1.Bacillus sp. B20Ydz-xm (EU070374) 1414/1418(99%) 
  2. Bacillus sp. X24 (JQ946069) 1409/1419(99%) 
O59 1 1.Uncultured bacterium clone: T5CLN20 (AB696500) 
4. Bacillus sp. B20Ydz-xm (EU070374) 
1406/1414(99%) 
1405/1414(99%) 
O93 1 1.Bacillus sp. B20Ydz-xm (EU070374) 
5. Uncultured bacterium clone: T5CLN20 (AB696500) 
1411/1419(99%) 
1406/1419(99%) 
    
Sample O = orthoclase 
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Table A 2 Affiliation-clone library muscovite. 
Clones No. of 
clones 
Closest phylogenetic relative % of similarity 
  Alphaproteobacteria  
M3 4 1. Uncultured Phenylobacterium sp. clone Plot29-2F09 
(EU202833) 
2. Phenylobacterium conjunctum strain FWC 21 (NR_041963) 
1331/1362(98%) 
1323/1355(98%) 
M9 8 2. Uncultured Phenylobacterium sp. clone b2-194 (JX575849) 
3. Phenylobacterium muchangponense strain A8 (NR_117783) 
1339/1364(98%) 
1337/1364(98%) 
M15 2 1.Uncultured bacterium clone B4-74 (KF494547) 
7. Sphingomonas sanxanigenens strain T12AR28 (JF459934) 
1339/1384(97%) 
1320/1375(96%) 
M45 4 1.Brevundimonas sp. AbaT-2 (FJ605405) 
3. Phenylobacterium haematophilum (NR_041991) 
1344/1374(98%) 
1334/1364(98%) 
M84 1 1.Uncultured bacterium clone: 1617 (AB286621) 
7. Uncultured alpha proteobacterium clone H2-OTU8 (KM016250) 
1306/1327(98%) 
1295/1325(98%) 
M104 1 2. Sphingosinicella sp. Z6 (KF877719) 
3. Uncultured soil bacterium clone 845-2  (AF423296) 
1327/1372(97%) 
1322/1370(96%) 
    
  Betaproteobacteria  
M1 3 2. Azohydromonas australica strain NBRC 102464 (NR_114105) 
3. Azohydromonas australica strain IAM 12664 (NR_041243) 
1353/1411(96%) 
1351/1411(96%) 
M65  2 1.Uncultured bacterium clone R242 (HM069056) 
6. Azohydromonas australica strain NBRC 102464 (NR_114105) 
1347/1407(96%) 
1343/1408(95%) 
M5 1 1. Uncultured beta proteobacterium clone AS86 (EU283393) 
3. Aquincola tertiaricarbonis strain L10 (NR_043913) 
4. Aquincola tertiaricarbonis L108 (DQ436455) 
1367/1428(96%) 
1366/1428(96%) 
1366/1428(96%) 
M7 2 1. Naxibacter sp. 6981 (FJ529712) 
2. Massilia varians strain M1303 (KF924221) 
1416/1423(99%) 
1409/1416(99%) 
M2 50 1.Herbaspirillum sp. Sptzw31 (GU377118) 
2.Herbaspirillum sp. TSA30 (AB542421) 
1382/1397(99%) 
1390/1428(97%) 
M46 1 3. Uncultured Herbaspirillum sp. clone bsc26 (KC011125) 1384/1404(99%) 
M69 1 1.Herbaspirillum sp. Sptzw31 (GU377118) 
2. Oxalobacteraceae bacterium HTCC315 (AY429715) 
1367/1395(98%) 
1388/1430(97%) 
M11 2 1.Uncultured bacterium clone: G1CLN27 (AB696165) 
2. Uncultured bacterium clone 7 (DQ398882) 
1361/1401(97%) 
1361/1401(97%) 
M61  6 1. Uncultured bacterium, clone: G2CLN14 (AB696200) 
9. Janthinobacterium sp. TP-Snow-C16 (HQ327125) 
1415/1424(99%) 
1408/1424(99%) 
M24  
 
4 6. Naxibacter haematophilus strain Ag15 (EU554441) 
7.  Massilia sp. 4054 (JX566602) 
1412/1431(99%) 
1409/1431(98%) 
M29 2 2. Uncultured beta proteobacterium clone QZ-B52 (JF776896) 
4. Ramlibacter sp. HTCC332 (AY429716) 
1385/1405(99%) 
1406/1434(98%) 
M58 1 2. Ramlibacter tataouinensis strain TTB310 (NR_074643) 1385/1421(97%) 
    
Samples M = muscovite 
Table A 3 Affiliation-clone library quartz. 
Clones Number 
of clones 
Closest phylogenetic relative % of similarity 
  Alphaproteobacteria  
Q2 3 2. Sinorhizobium sp. strain Sco-C02 (FN386746) 
6. Rhizobiaceae bacterium S181 (AB361362) 
1336/1346(99%) 
1278/1284(99%) 
Q47 1 1.Alsobacter metallidurans strain SK200a-9 (NR_125447) 
9. Methylosinus trichosporium strain: S32532 (AB648997) 
1358/1365(99%) 
1292/1335(97%) 
Q87 1 1.Rhizobium sp. L32C549B00 (JX292365) 
2.  Uncultured bacterium clone AK4DE1_02D (GQ397032) 
1337/1348(99%) 
1350/1367(99%) 
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  Betaproteobacteria  
Q1 12 1.Uncultured bacterium clone B9-4 (KF010720) 
4. Massilia sp. RK4 (KF438009) 
1398/1421(98%) 
1402/1421(99%) 
Q3  83 1.Uncultured bacterium clone B112-54 (KF010767) 
2. Uncultured Oxalobacteraceae bacterium clone EB1022 
(AY395341) 
10. Massilia niabensis strain 5420S-26 (NR_044571) 
1408/1429(99%) 
1404/1426(98%) 
1376/1399(98%) 
Q9 1 1.Uncultured bacterium clone BANW610 (DQ264566) 
2.Oxalobacteraceae bacterium HTCC315 (AY429715) 
6. Uncultured Herbaspirillum sp. clone bsc26 (KC011125) 
1366/1399(98%) 
1377/1414(97%) 
1363/1399(97%) 
Q21 2 1. Herbaspirillum sp, strain Sco-D20 (FN386764) 
3. Noviherbaspirillum soli strain SUEMI10 (NR_118041) 
1372/1410(97%) 
1371/1411(97%) 
Q92 2 Uncultured bacterium clone B112-54 (KF010767) 
Uncultured Oxalobacteraceae bacterium clone EB1022 
(AY395341) 
1383/1400(99%) 
1381/1400(99%) 
Q117 
 
1 1.Uncultured Massilia sp. clone N6 (GQ853362) 
4. Massilia brevitalea strain byr23-80 (NR_044274) 
1421/1431(99%) 
1398/1422(98%) 
    
  Actinobacteria  
Q23 1 1.Arthrobacter sp. strain IMM11 (FR727708) 
2. Arthrobacter sp. M29 (KF430812) 
4. Arthrobacter phenanthrenivorans strain Sphe3 (NR_074770) 
1405/1417(99%) 
1404/1417(99%) 
1404/1418(99%) 
    
Samples Q = quartz 
 
 
Fig. A 3 XRD diffractogram of orthoclase compared to references of orthoclase, albite and 
quartz. 
# Ortoklas_A, fein gemörsert
00-009-0466 (*) - Albite, ordered - NaAlSi3O8 - Y: 12.92 % - d x by: 1. - WL: 1.5406 - Triclinic - a 8.14400 - b 12.78700 - c 7.16000 - alpha 94.260 - beta 116.600 - gamma 87.670 - Base-centered - C-1 (2) - 4 - 664.83
00-046-1045 (*) - Quartz, syn - SiO2 - Y: 7.85 % - d x by: 1. - WL: 1.5406 - Hexagonal - a 4.91344 - b 4.91344 - c 5.40524 - alpha 90.000 - beta 90.000 - gamma 120.000 - Primitive - P3221 (154) - 3 - 113.010 - I/Ic PD
01-076-0825 (*) - Orthoclase - (K.88Na.10Ca.009Ba.012)(Al1.005Si2.995O8) - Y: 8.81 % - d x by: 1. - WL: 1.5406 - Triclinic - a 8.56300 - b 12.99000 - c 7.21000 - alpha 90.000 - beta 115.930 - gamma 90.000 - Base-
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Fig. A 4 XRD diffractogram of muscovite compared to a reference muscovite. 
01-089-6216 (N) - Muscovite-2M1 - (K0.727Na0.170Ca0.011)(Al0.933Fe0.016Mg0.011)2(Si0.782Al0.221Ti - Y: 18.53 % - d x by: 1. - WL: 1.5406 - Monoclinic - a 5.19090 - b 9.00480 - c 20.11700 - alpha 90.000 - b
Operations: Import
Muskovit_b - File: CRichter_Muskovit_b.RAW - Type: 2Th/Th locked - Start: 5.023 ° - End: 74.955 ° - Step: 0.026 ° - Step time: 990. s - Temp.: 25 °C (Room) - Time Started: 95472 s - 2-Theta: 5.023 ° - Theta: 7.50
Operations: Import
Muskovit_a - File: CRichter_Muskovit_a.RAW - Type: 2Th/Th locked - Start: 4.997 ° - End: 74.981 ° - Step: 0.026 ° - Step time: 990. s - Temp.: 25 °C (Room) - Time Started: 95472 s - 2-Theta: 4.997 ° - Theta: 7.50
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